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SECTION  I 

INTRODUCTION,  SUMMARY,  AND 
RECOMMENDATIONS 


INTRODUCTION  AND  SUMMARY 

This  document  constitutes  the  final  technical  report  of  a development  pro- 
gram to  design,  fabricate,  test,  and  deliver  approximately  1000  monolithic 
Fiber  Optic  Transmitter  Integrated  Circuits  (FOTIC).  The  FOTICs  each 
contain  all  functions  necessary  to  convert  an  electrical  signal  into  a con- 
stant-current drive  for  a light -emitting  diode  (LED).  Two  components,  the 
LED  and  the  FOTIC,  are  all  that  is  required  to  convert  a digital  transistor - 
transistor  logic  (TTL)  signal  in  the  range  dc  to  10M  bits/s  into  a light  sig- 
nal suitable  for  propagation  through  a fiber  optic  waveguide  or,  with  a suit- 
able lens  system,  through  space. 

When  properly  packaged,  these  two  components  will  constitute  a general- 
purpose  transmitter  module  for  use  in  many  military  applications  requiring 
highly  reliable,  low-cost,  medium -performance  characteristics. 

In  addition  to  describing,  in  detail,  the  FOTIC  function  and  design,  this  re- 
port also  contains  complete  test,  burn-in,  and  qualification  plans. 


RECOMMENDATIONS 

There  are  three  major  areas  that  can  be  addressed  to  improve  the  FOTIC 
with  minimum  risk. 
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• Packaging 

• Yield  improvement 

• Increase  applications. 


Packaging 

The  TO- 99  package  is  a very  inexpensive,  small,  reliable,  mature  semi- 
conductor package.  However,  its  main  disadvantage  is  its  high  thermal 
impedance  (35  to  50*0 /W).  As  pointed  out  in  this  report,  a "good"  heat 
sink  is  required  for  this  package,  even  at  very  low  output  drive  currents. 

A more  reasonable  packaging  approach  is  to  put  the  FOTJC  in  a leadless 
chip  carrier  (LCC).  The  LCC  is  really  a miniature  14-pin  DIP  package  that 
has  equivalently  low  thermal  impedance  (10  to  lS'C/W)  and  much  shorter 
lead  lengths.  The  cost  of  the  LCC  is  less  than  a 14-pin  DIP  and  can  be 
mounted  on  a printed -circuit  board  or  a hybrid  substrate.  Characterization 
of  the  FOTIC  in  this  type  package  should  reveal  improved  performance. 


Yield  Improvement 

t 

One  of  the  functions  of  the  FOTIC  is  to  provide  a pre-bias  current  of  1 to 
50  pA.  This  report  describes  this  function  as  being  required  by  "some" 
LEDs  to  improve  their  rise  time.  This  function  can  easily  be  performed 
by  connecting  an  external  100-K0  resistor  from  the  output  transistor  col- 
lector to  ground  rather  than  putting  this  very  large  resistor  "on  chip.  " 
There  probably  would  be  a slight  yield  improvement  if  this  function  were 
removed  from  the  chip  and  implemented  externally  for  those  cases  when  it 
is  needed. 
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Increase  Applications 


One  transmitter  function  not  included  on  the  FOTIC  is  the  Manchester  En- 
coder function.  This  encoder  will  be  required  for  a number  of  applications 
and  probably  will  be  implemented  in  TTL  externally.  The  circuitry  re- 
quired to  implement  this  function  is,  at  most,  two  flip-flops  and  two  NAND 
gates  which  could  be  independently  placed  on  the  IC  and  wired  in  externally 
if  used,  or  grounded  out  if  not  used.  Two  FOTIC  versions  could  be  avail- 
able, so  yield  loss  for  the  standard  FOTIC  (without  the  encoder)  would  not  be 
affected. 
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SECTION  II 

GENERAL  FUNCTIONAL  CAPABILITIES 

Figure  1 is  a block  diagram  and  a listing  of  the  salient  characteristics  of  the 
FOTIC.  The  capabilities  of  the  device  to  perform  the  required  transmitter 
functions  are  discussed  below. 

The  primary  function  of  the  FOTIC  is  to  convert  a digital  TTL  signal  into 
the  current  drive  for  a light-emitting  diode  (LED).  In  some  situations,  this 
simple  sounding  function  can  be  accomplished  by  a single  transistor-transis- 
tor logic  (TTL)  power  gate.  For  most  applications  however,  the  environ- 
ment dictates  more  control  over  the  LED  current  than  can  be  obtained  with 
a simple  TTL  gate. 


!/ 


LED 


CHARACTERISTICS: 

1)  CONSTANT  OUTPUT  CURRENT  OVER  -55  TO  +125°C  AND  5V  ±10%. 

2)  PROGRAMMABLE  OUTPUT  CURRENT  = 25  TO  150  mA. 

3)  DC  TO  10  M Bits/sec  (8  n'  DELAY,  5 ns  rr,  r^). 

4)  PRE-BIAS  CURRENT  FOR  LED  = 50  MA. 

5)  WORST-CASE  POWER  = 560  rriW. 

Figure  1.  Fiber  Optic  Transmitter  Integrated 
Circuit  (FOTIC) 
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CONSTANT -CURRENT  CAPABILITY 

Studies  performed  on  LEDs  indicate  that  their  first -order  failure  mechanism 
is  a function  cf  current  density  that  produces  excess  power  and  overheats  the 
LED.  In  the  ambient  temperature  range  of  -55  to  +125*0,  the  forward  drive 
current  of  a LED  can  change  by  a factor  of  2 to  4.  This  temperature  en- 
vironment leads  to  a requirement  to  control  the  LED  forward  drive  current 
to  a constant  value. 

The  power  supply  variation  of  ±10  percent  on  a 5V  supply  leads  to  a IV 
change  which  can  produce  a 20  percent  change  in  LED  drive  current.  A con- 
stant-current drive  source  can  eliminate  the  power  supply  change  as  a fac- 
tor in  LED  failures. 

The  constant -current  capability  provided  by  the  FOTIC  is  a result  of  the 
special  functions  incorporated  in  its  design.  The  band -gap  regulator  sup- 
plies a reference  voltage  to  the  differential  amplifier  which  controls  the  out- 
put transistor  to  maintain  whichever  output  current  value  is  set  by  the  pro- 
grammable output  resistors.  This  programmed  output  current  is  held  con- 
stant over  the  aforementioned  temperature  and  voltage  range. 

PROGRAMMABLE  OUTPUT  CURRENT  CAPABILITY 

There  are  a variety  of  LEDs  that  have  different  purposes.  These  various 
LEDs  require  different  drive  currents  in  the  range  of  25  to  150  mA,  To 
avoid  the  necessity  of  designing  various  transmitters  to  provide  this  variety 
of  drive  currents,  the  FOTIC  was  designed  to  provide  these  various  currents, 
each  value  being  constant  over  the  previously  specified  temperature  and 
voltage  range. 


There  are  three  specially-designed  resistors  that  can  be  tied  to  ground 
either  singly  or  in  combinations  to  limit  the  output  current  to  values  between 
25  and  150  mA  in  25-mA  increments. 


INPUT  GATING 

The  two  inputs  to  the  FOTIC  are  equivalent  to  standard  5400-type  TTL  in- 
puts and  they  are  interchangeable.  One  input  is  intended  to  be  used  as  an 
enable  for  the  other  input  so  that  many  FOTIC s may  be  multiplexed. 

Use  of  Schottky  diodes  to  prevent  saturation  enhances  the  sp^ed  of  the  TTL 
gate.  The  gate  performs  the  AND  function.  Both  inputs  must  be  high  (TTL 
"l")  to  turn  ON  the  output  transistor  which  in  turn  forces  drive  current 
through  the  LED  that  produces  the  light  output.  Either  input  being  low  (TTL 
"0")  turns  the  output  transistor  OFF  and  also  the  LED. 


PRE-BIAS  CURRENT 

Another  capability  of  the  FOTIC  is  the  pre-bias  current  source.  This  cur- 
rent source  ensures  that  when  the  output  transistor  is  OFF,  there  is  a 
small  current  pulled  through  the  LED  to  keep  it  just  below  the  turn-on  point. 
This  small  pre-bias  current  enhances  the  turn-on  speed  of  some  LEDs. 


SECTION  m 

APPLICATION  INFORMATION 

The  FOTIC  was  delivered  in  three  configurations:  unpackaged  chips,  14-pin 
ceramic  DIPs,  and  8-pin  TO- 99  cans.  The  unpackaged  chips  can  be  used  on 
hybrid  substrates  or  put  in  leadless  carriers.  They  were  d-c  tested  and 
visually  inspected  only.  The  DIPs  and  TO- 99s  were  fully  tested  as  described 
in  Section  VI  under  "FOTIC  Test  Plan.  " 


DEVICE  SPECIFICATION 

The  device  specification  has  two  parts.  Electrical  Characteristics  and  En- 
vironmental Conditions. 


Electrical  Characteristics 

The  performance  characteristics  shall  apply  over  the  operating  temperature 
range  of  Table  1 and  supply  voltage  V£c  ± 10  percent  (-55°C  to  +125<C,  +5V 
± 10  percent).  The  IC  shall  operate  as  shown  in  Figure  2 and  meet  the  d-c 
and  a-c  performance  characteristics  described  next. 

D-C  Performance  Characteristics 

Maximum  Ratings --The  maximum  ratings  are  specified  in  Table  1. 

Supply  Voltage  and  Current--The  IC  supply  voltages  shall  be  ground  and 
+5V  ± 10  percent,  and  the  supply  current  shall  not  exceed  the  maximum  out- 
put current  (Ipjg)  plus  25  mA  or  200  mA  total,  whichever  is  smaller. 
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TABLE  1.  MAXIMUM  RATINGS 


Parameter 

Value 

Units 

Supply  voltage,  Vcc: 

Operating 

4.  5 to  5. 5 

V 

Non-operating 

7.0 

V 

Input  voltage  (either  input) 

5.  5 

V 

Supply  current,  Icc 

200 

mA 

Temperature,  ambient  (T^): 

Operating 

-55  to  +125 

°C 

Nonoperating 

-65  to  +150 

Q 

Temperature,  junction  (Tj) 

+150 

Power  dissipation,  PQ 

875 

Lead  temperature  (soldering  10  sec) 

250 

°c 

(8-PIN  TO-99)  CONFIGURATION  2 

(14-PIN  DIP) 

Ve  = OUTPUT  ENABLE 
V,  = TTL  SIGNAL  INPUT 

vce  = SUPPLY  VOLTAGE 

G * SUPPLY  REFERENCE 
V0  = OUTPUT  VOLTAGE 

ld  = OUTPUT  CURRENT 

Ve  = EMITTER  OF  OUTPUT  TRANSISTOR 

VB  = BASE  OF  OUTPUT  TRANSISTOR  (FOR  TESTING) 

RIO,  Rll,  R12  = INTERNAL  CURRENT-SETTING  RESISTORS 

NOTE:  THIS  CONFIGURATION  REQUIRES  A HEAT  SINK  (SEE  SECTION  ON  POWER  DISSIPATION). 

Figure  2.  Packaging  Configurations 
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Input  Characteristics- -The  input  current  and  voltage  levels  shall  be 
TTL  compatible  as  specified  in  Table  2.  Each  input  shall  appear  to  be  one 
standard  5400  series  TTL  input  load. 


TABLE  2.  INPUT  CHARACTERISTICS 


Parameter 

Test  Condition 

Min. 

Typical 

Max. 

Unit 

High-level  input 
voltage,  VIH 

— 

- 

2.0 

H 



V 

Low-level  input 
voltage,  VIL 

— 

— 

0 

0.  S 

V 

Input  clamp  voltage,  Vj 

Vcc 

= 4.  5V 

— 

-1.  2 

-1.5 

V 

Input  current  at  maximum 
input  voltage,  Ij 

Vcc 

' 5.  5V, 

Vj  = 5.  5V 

— 

0.  001 

1 

mA 

High-level  input 
current,  ljH 

Vcc 

= 5.  5V, 

V,  = 2.4V 

... 

1.0 

40 

MA 

Low-level  input 
current,  Ij^ 

Vcc 

= 5.  5V, 

V,  = 0.  4V 

--- 

-1.  2 

-1.  6 

mA 

Output  Characteristics--The  output  current  from  the  IC  shall  be  a cur- 
rent dependent  on  the  input  logic  level,  in  accordance  with  Table  3.  The  out 
put  shall  provide  a controlled  current  (Id)  to  the  light-emitting  diode  (LED) 
load,  selectable  over  a range  from  25  to  150  mA  in  25-mA  increments. 

A-C  Switching  Characteristics- -The  a-c  switching  characteristics  from  the 
input  voltage  to  the  output  current  shall  be  in  accordance  with  Table  4 and 
Figure  3.  The  data  rate  of  the  IC  shall  be  between  dc  and  10M  bits/s 
(Manchester). 

Environmental  Conditions 

The  FOTIC  shall  be  processed  to  meet  MIL-STD-883B  testing  for  Class  B 
parts. 
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TABLE  3.  OUTPUT  CHARACTERISTICS 


Parameter 

Test  Condition 

Min. 

Max. 

Unit 

High-level  output 
current 

V = 5.  5V,  V.  = 2.  4V 

CC  l 

--- 

ida  + 10% 

mA 

Ijjjj  Configuration  1 
(see  Figure  2) 

Vcc  * 4-  5V'  Vl  ' 2,4V 

ida  - 10% 

— 

mA 

High-level  output 
current 

V * 5«  5V*  VT  * 2-  4V 

CC  I 

— 

lda  + 20% 

mA 

l^H  Configuration  2 
(see  Figure  2) 

Vcc*4-5V'  VI*24V 

Ida  - 20% 

— 

mA 

Low-level  output 
current,  1^ 

vcc  * 5V>  V,  = 0.  4V 

1 

50 

hA 

*’ld  is  settable  over  a range  from  25  to  150  mA  In  25-mA  steps. 


TABLE  4.  SWITCHING  CHARACTERISTICS 


Parameter 

Min. 

Typical 

Max. 

Units 

Input  transition  time  low-to-high,  T. 

*LH 

Input  transition  time  high-to-low,  T. 

*HL 

4 

_ _ „ 

6 

ns 

4 

— 

6 

ns 

Delay  time  low-to-high,  Tp. 

4 

8 

15 

ns 

ULH 

Delay  time  high-to-low,  T- 

2 

6 

15 

ns 

°HL 

Output  transition  time  low-to-high,  T_, 

4 

6 

7 

ns 

°LH 

Output  transition  time  high-to-low,  T_ 

2 

4 

10 

ns 

°HL 

Input  pulse  width  Tj 

40 

--- 

— 

ns 

Output  pulse  width,  Tg 

Tl-5 

Tj  - 2 

Tj  + 5 

ns 

Unpackaged  Chips- -The  unpackaged  chips  shall  pass  MIL-STD-883B  internal 
visual  (monolithic)  test  --  Method  2010.2  Condition  B. 


Packaged  Units--The  packaged  units  shall  pass  MIL-STD-883B  as  shown  in 
Table  5., 


TABLE  5.  MIL-STD-883A  ENVIRONMENTAL  TESTS 
FOR  PACKAGED  UNITS 


Description 

Method 

Condition 

Internal  visual 

2010.  1 

B 

High- temperature  storage 

1008.  1 

C,  24  hr 

Temperature  cycling 

1010.  0 

B 

Constant  acceleration 

2001.  1 

E,  Y,  axis  only 

Fine  and  gross  leak 

1014. 1 

— 

Burn-in  test 

1015.  1 

B,  168  hr 

External  visual 

2009.  1 

— 

GENERAL  INFORMATION 

The  FOTIC  is  intended  to  be  used  in  fiber  optic  links  whose  light  source  is 
a LED.  The  FOTIC  'imposes  no  restrictions  on  the  LED  that  the  LED  is  not 
normally  subjected  to.  The  bit  rate  of  10M  bits/s  can  easily  be  obtained 
provided  the  LED  is  capable  of  that  speed.  The  LED  current  drive  provided 
by  the  FOTIC  is  almost  independent  of  the  signal  shape  supplied  to  its  input. 
However,  a rise  or  fall  time  greater  than  100  ns  is  not  recommended.  The 
input  is  TTL  and  the  output  switching  speeds  are  determined  by  the  LED 
capacitance  and  lead  inductance.  For  best  performance,  minimum  lead 
length  from  the  LED  to  the  FOTIC  is  desirable.  Equally  important,  the 
ground  connections  for  the  on-chip  resistors  should  be  as  close  to  the  FOTIC 
ground  pin  as  practical. 
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PIN  CONNECTION  INFORMATION 


Figure  4 shows  the  pin  connection  diagrams  for  both  package  types.  The 
pins  labeled  NC  indicate  that  no  internal  connection  is  made  to  that  pin,  so 
it  can  be  used  for  a tie  point  or  ground. 

POWER  SUPPLY  FILTERING 

Filtering  the  V supply  at  the  FOTIC  pin  provides  a clean  output  current 
waveform.  For  bit  rates  from  1 MHz  down  to  10  kHz  and  below,  a 4.  7-pF 
capacitor  will  provide  adequate  filtering.  Above  1 MHz  up  to  10  MHz,  a 
0.  1-pF  filter  capacitor  may  be  necessary,  depending  on  the  supply  itself. 
Since  most  of  the  FOTIC  is  TTL  circuitry,  ground,  interconnection,  and 
filtering  techniques  established  for  TTL  systems  will  ensure  proper  per- 
formance. 


OUTPUT  CURRENT  OBSERVATION  METHOD 

* 

An  easy  method  of  checking  the  speed  performance  of  the  FOTIC  without 
having  to  observe  the  output  current  consists  of  observing  the  voltage  on  the 
emitter  of  the  output  transistor.  This  voltage  is  exactly  analogous  in  ampli- 
tude and  time  with  the  output  current.  A 10  to  90  percent  measurement  of 
this  voltage  will  be  equal  (within  0.  1 ns)  to  the  corresponding  10  to  90  per- 
cent output  current  measurement. 

BASE  OUTPUT  TEST  POINT 

The  base  output  (pin  2 of  14-pin  DIP  and  TO- 99)  can  be  used  to  monitor  the 
switching  state  of  the  output  transistor  or  as  a test  point  for  d-c 

__  ! 


measurements  on  the  output  transistor.  The  TTL  gate  normally  drives  this 
base  output  between  0.  4 and  2.  5V.  Care  must  be  exercised  not  to  put  too 
much  capacitance  on  this  pin.  A load  of  5 pF  will  slow  down  the  output  rise 
time  approximately  2 ns.  For  10M -bits/s  operation,  it  is  recommended 
that  there  be  no  connection  to  this  pin. 

MAXIMUM  INPUT  VOLTAGE 

So  long  as  the  maximum  operating  conditions  are  observed,  there  will  be  no 
problem  with  the  inputs . However,  the  inputs  are  built  so  that  a voltage  in 
excess  of  5.  5V  for  even  a few  ns  interval  will  try  to  break  down  the  input. 

If  the  input  breaks  down,  it  will  clamp  at  about  IV,  causing  the  TTL  gate  to 
be  in  an  indeterminate  state  and  it  could  possibly  cause  oscillations.  Care 
must  be  exercised  to  ensure  that  the  TTL  input  is  clean  (i.  e.  , that  it  does 
not  have  spikes  in  excess  of  5.  5V). 


USE  OF  EXTERNAL  COMPONENTS 

External  components  can  be  easily  used  to  limit  the  current  and/or  change 
the  temperature  compensation.  The  nominal  voltage  at  the  emitter  of  Q10 
can  be  measured.  Knowing  that  it  changes  with  temperature  at  a +0.  12%/°C 
rate,  combinations  of  resistors  and  diodes  similar  to  that  shown  in  Figure 
5 can  be  used  to  offset  the  LED  temperature  coefficient  to  produce  a more 
constant  light  output  at  the  expense  of  reduced  LED  life.  This  method  of 
controlling  LED  light  output  over  temperature  is  not  recommended,  but  is 
available  on  the  FOTIC. 
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NOTES: 

1)  COMBINATIONS  OF  R10-R12  TIED  TO  GND  PRODUCE  CONSTANT  (0%/®C)  OUTPUT  I: 


a)  RIO  ONLY  — •»  25  mA 

b)  Rll  ONLY  — - 50  mA 

c)  R12  ONLY  — •»  75  mA 

d)  RIO + #12  — *■  100  mA 

e)  R11  + R12  — 125  mA 

f)  RIO  + Rll  + R12  —•■150  mA 


2)  OVCRext  TIED  TO  GND  PRODUCES +0.12VC  OUTPUT  I. 

3)  0%/°C  Rext'  TIED  TO  D1  TO  GND  PRODUCES  +0.36VC  OUTPUT  I. 

4)  ALL  RESISTANCES  IN  OHMS. 


Figure  5.  FOTIC  Schematic  Diagram 
with  External  Compensation 
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DEVICE  POWER  CALCULATION 


The  power  dissipated  by  the  FOTIC  can  be  separated  into  two  major  parts. 
There  is  a fixed  power,  independent  of  the  LED  current,  1^15.  and  a vari- 
able power  directly  dependent  on  ITTr;n.  Methods  of  calculating  these  powers 
are  presented  below. 


Fixed  Power 

The  fixed  power  can  be  calculated  by  using  the  worst-case  currents  drawn 
by  the  chip  in  its  two  states.  When  output  transistor  Q10  is  OFF,  the 
FOTIC  current,  Iqff»  excluding  is  36.5  mA  maximum  at  125^  am- 
bient. * WhenQIO  is  ON,  the  FOTIC  current  Iqjj,  excluding  is  21.  5 

mA  maximum  at  125°C  ambient.  However,  the  specification  requires  that 
the  devices  be  tested  to  ensure  that  the  total  current  including  Ij^j-j  is  £ 

200  mA.  The  "worst-case"  method  of  calculating  power,  then,  is  to  assume 
the  highest  and  then  subtract  that  from  the  200  mA.  The  highest  IT  Fn 

is  180  mA,  so  the  highest  IQN  is  20  mA.  The  IQFF  will  be  reduced  by  the 
same  percentage  as  IQN.  Therefore,  Iqff  = 34  mA.  For  a 50  percent  duty 
cycle,  the  fixed  power,  Pp,  is  given  by: 

PF  * ^cc  > «ON  + 'OFF*  <50*> 
max 

= (5.  5)  (34  + 20)  (0.  5)  = 148.  5 mW 


For  "worst-case"  calculations,  the  fixed  power  for  Ijjgjj  < 150  mA  nominal 
has  no  limitations  on  IqN  or  IqfF'  Therefore,  to  calculate  Pp  for  IT  Fr> 

< 150  mA,  use  the  "worst-case"  IQN  and  Iqff  values  (see  Table  6). 


lThe  FOTIC  current  is  higher  than  36. -5  mA  at  -55°C,  but  power  dissipa- 
tion is  "worst-case"  at  highest  temperature,  125^. 
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TABLE  6.  FOTIC  POWER  DISSIPATION 


Parameter 

Current  Range 

Units 

Nominal  LED  current,  IEED 

25.  0 

50.  0 

75.  0 

100.0 

125.0 

150.0 

mA 

On-chip  resistor  tied  to  ground 

RIO 

Rll 

R12 

R10 

Rll 

R10, 

_ _ _ 

and 

and 

Rll, 

R12 

R12 

and 

R12 

External  resistor  value 

73.  12 

36.45 

24.  25 

16.  15 

14.  50 

12.  06 

n 

Fixed  power.  Pp“ 

159.  5 

159.  5 

159.  5 

159.  5 

159.  5 

148.  5 

mW 

Resistor  power.  PRb 

26.  25 

52.  5 

78.  75 

105.  0 

131. 25 

157.  5 

mW 

Q10  power,  PqC 

36.  75 

73.  5 

110.  25 

47.  0 

183.  75 

220.  5 

mW 

14-pin  DIP  FOTIC  total  power,  Pf 

222.  5 

285.  5 

348.  5 

411.5 

474.  5 

526.  5 

mW 

8-pin  TO-99  FOTIC  total  power,  PTg 

196.  25 

233.  0 

269.  75 

306.  5 



343. 25 

369.  0 

mW 

Assumes  50  percent  duty  cycle. 

b'Assume8  VgQjg  constant  at  1.  75V  and  +20  percent  ILED  and  Note  a. 
c' Assumes  1. 3V  drop  across  LED  and  Note  b. 


Variable  Power 

The  variable  power  can  be  calculated  by  breaking  it  into  two  parts.  The 
first  part  is  that  power  dissipated  by  the  current-limiting  resistors.  These 
resistors  are  either  on-chip  (RIO,  Rll,  R12,  in  Figure  5)  or  are  external 
and  do  not  contribute  to  the  FOTIC  power.  The  other  part  of  the  variable 
power  is  the  output  transistor  power. 

On-Chip  Resistor  Power- -To  calculate  the  on-chip  resistor  power,  the 
voltage  at  the  emitter  of  Q10,  VEqjq,  must  be  known.  Assuming  that 
VEqio»  is  relatively  constant  and  independent  of  the  output  current,  Ijjjjy 
a worst-case  value  of  1.  75V  can  be  used.  ^ 


2 

Veqio  does  vary  with  process  parameters  ±15$  and  with  temperature 
+0.  12%/°C  and  is  nominally  at  1.  86V  at  25*C.  At  ^'C,  it  is  2V  nominally, 
1.  75V  minimum  (worst  case  for  power  with  external  resistors). 
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The  worst-case  current  through  the  LED.  Q10,  and  the  resistors  must  also 
be  known  to  calculate  their  power.  The  LED  current  is  variable  from  a 
nominal  value  of  25  mA  to  150  mA  in  25-mA  steps.  Processing  parameters 
will  vary  these  nominal  currents  by  ±10  percent  in  Q10  and  the  on-chip  re- 
sistors add  ±10  percent  to  the  actual  LED  current.  When  using  the  on-chip 
resistors,  the  worst-case  is  +20  percent  above  nominal.  If  an  exter- 

nal resistor  is  used,  its  tolerance  and  temperature  coefficient  must  be  added 
to  the  ±10  percent  variation  of  Q10  current.  The  on-chip  resistor  power, 

P^,  for  the  150-mA  step  and  50  percent  duty  cycle  is: 

PR  = (VEQ10)  (ILED)  (50%)  = (1-  75)  (180)  (0-  5)  = 157‘  5 mW 


Output  Transistor  Power --The  second  part  of  the  variable  power  is  the 
power  dissipated  by  output  transistor  Q10.  A worst-case  forward  drop 
across  the  LED,  at  125*C  will  be  assumed  to  be  1.  3V.  With  this 

assumption,  a VEq1Q  = 1.  75V  plus  a 50  percent  duty  cycle,  the  power  dis- 
sipated in  Q10,  PQ’  for  the  150-mA  step  is: 


PQ  = (Vcc 


- V 


max 


LED  ‘ VEQ10)  (ILED)  (507o) 


= (5.  5 - 1.  3 - 1.  75)  (180)  (0.  5)  = 220.  5 mW 


Total  FOTIC  Power- -The  total  FOTIC  power  can  now  be  determined.  For 
the  14-pin  DIP  package  using  the  on-chip  resistors,  the  total  power,  PT14» 
for  the  150-mA  step  and  50  percent  duty  cycle  is: 

PT14  = PF  + PR  + PQ  = 5 

For  the  8-pin  TO- 99  package  using  an  external  resistor  whose  worst-case 
value  is  -10  percent  below  nominal,  the  total  power,  PTg,  for  the  150-mA 
step  and  50  percent  duty  cycle  is: 
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PT8  = PF  + PQ  = 369  mW 

Various  powers  for  other  current  steps  are  tabulated  in  Table  6. 


Thermal  Resistance  Considerations 

The  thermal  resistance  from  junction  to  ambient,  0JA,  of  the  FOTIC  pack- 
ages must  be  such  that  with  a 125*C  ambient,  TA,  the  maximum  junction 
temperature,  T.,  of  the  chip  is  150*0. 

J 


FOTIC  T,  in  14 -Pin  DIP- -For  the  14-pin  DIP  soldered  into  a printed -circuit 
board  with  good  solder  fillets  on  the  package  pins  and  the  ceramic  package 
body  resting  on  the  copper-clad  board  surface,  its  0JA  is  50^ /W.  3 * * * 

Using  this  value  for  0jA,  the  FOTIC  junction  temperature  can  be  determined 
by  using  the  total  power  listed  in  Table  6 and  this  equation: 


T. 

3 


(PT) 


»JA>  + tA 


Thus,  for  the  150-mA  step  in  the  14-pin  DIP,  T.  = (0.  5265)  (50)  + 125  = 
151  *C  and  no  heat  sink  is  required. 


3 

Buchanan,  R.C.  and  Reeber,  M.D. . "Thermal  Consideration  in  the  Design 

of  Hybrid  Microelectronic  Packages, " Solid  State  Technology,  February 

1973,  pages  39  to  43.  7 
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FOTIC  in  8-Pin  TO-99--For  the  8-pin  TO-99  package  similarily  mounted, 
its  is  143*0 /W.’  For  the  8-pin  TO-99  25-mA  step  with  external  resis- 
tors. 


T.  = (0.  19625)  (143)  + 125  = 153XJ 


For  > 25  mA,  a heat  sink  will  be  required.  Assuming  a heat  sink 

compound  is  used  to  exclude  air  between  the  TO-99  case  and  the  heat  sink, 
the  equation  is  modified  to: 


T. 

1 


PT<0JC 


0SA> 


+ T , 


where  is  junction-to-case  thermal  resistance,  about  35*0 /W,  and 
is  the  heat  sink  thermal  resistance.  So,  to  determine  the  thermal  resistance 
of  the  heat  sink,  solve  the  above  equation  for  0g^.  Using  the  150-mA  step 
PT8  from  Table  6. 


- 35  = 33*C/W 


This  low  value  for  ©g^  indicates  a very  good  heat  sink  is  required  to  drive 
a 150-mA  LED  current  under  worst-case  50  percent  duty-cycle  conditions. 


The  above  values  for  0 were  calculated  with  some  assumptions  that  may  not 
be  valid.  It  is  recommended  that  the  user  actually  make  thermal  measure- 
ments on  the  TO-99  package  mounted  as  he  intends  to  use  it,  to  make  sure 
the  X.  is  not  too  high. 


"Thermal  Management  of  Integrated  Circuits,  " prepared  by  the  staff  mem- 
bers of  the  Semiconductor  Products  Division  of  Motorola,  Inc. , in  a book- 
let entitled  "Emerging  Technology. " 


21 


SECTION  IV 
CIRCUIT  DESCRIPTION 


The  circuit  description  consists  of  two  major  parts,  the  general  circuit 
operation  and  the  detailed  design  analysis.  The  general  circuit  operation 
description  is  intended  to  give  the  reader  an  understanding  of  how  the 
circuit  accomplishes  its  task  without  referring  to  actual  voltage  or  current 
values.  Once  the  general  circuit  operation  is  understood,  the  detailed 
design  analysis  description  will  be  much  easier  to  understand. 


GENERAL  CIRCUIT  OPERATION 

The  FOTIC  is  a programmable  constant- current  source  that  is  switched  ON 
and  OFF  by  a digital  gate  and  is  used  to  drive  a LED.  The  circuit  consists 
of  a temperature-compensated  voltage  reference,  based  on  a band-gap 
regulator,  a buffer  feedback  amplifier  stage  that  drives  the  output  current 
source,  on-chip  programming  resistors  to  set  the  current  value,  a pre- 
bias current  source  for  LED  turn-on  enhancement,  and  a Schottky- clamped 
TTL  AND  gate  to  modulate  the  current  source.  (See  Figure  6. ) 


Band  Gap  Regulator 


The  detailed  design  approach  to  synthesize  a band-gap  regulator  is  well 
5 6 

documented.  ' Essentially,  the  most  stable  and  predictable  property  of 


^Dobkin,  Robert. , "1.2-Volt  Reference,"  National  Semiconductor  Applica- 
tion Note  AN-56,  National  Semiconductor  Corp. , Santa  Clara,  1971. 

g 

Grebene,  Alan  B. , Analog  Integrated  Circuit  Design.  Van  Nostrand 
Reinhold,  New  York,  197a,  pp  127-127. 
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1)  COMBINATIONS  OF  R10-R12  TIED  TO  GND  PRODUCE  CONSTANT  (OVC)  OUTPUT  I: 


a)  RIO  ONLY  — ► 25  mA 

b)  Rll  ONLY  — •>  50  mA 

c)  R12  ONLY  — - 75  mA 

d)  R10  + R12  — *■  100  mA 

e)  R11  + R12  — — 125  mA 

f)  RIO  + Rll  + R12— 150  mA 


2)  ALL  RESISTANCES  IN  OHMS. 

Figure  6.  FOTIC  Schematic  Diagram 
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a silicon  transistor,  the  base-emitter  voltage  (VBE>,  Is  used  as  a reference 
to  generate  a voltage  with  a given  temperature  coefficient  (TC)  which 
becomes  the  output  of  the  regulator. 

Referring  to  Figure  7,  transistor  Q2  and  Q3  are  run  at  different  emitter 
current  densities  (J).  The  emitter  current  In  Q2  Is  the  same  as  In  Q3,  but 
the  emitter  size  of  Q2  Is  10  times  Q3,  so  the  emitter  current  density  of 
Q3  Is  10  times  that  of  Q2,  Jq3  = 10  x Jq2.  This  difference  results  In  a VBE 
difference  (AVgE)  of 

Av  _ nKT  . |^S2l  _ nKT  . 1n 

avbe  " — ln  • T 1° 
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where 

T = °K 

K = Boltzman's  constant 
q * Electronic  charge 
n = Process  constant 


which  appears  across  R1  with  a positive  TC  of  1/273°K  « + 0.  36%/°C. 

_ 7 

For  the  Honeywell  Advanced  Bipolar  Process  — 59.  7 mV  at  25° C. 

BE 

Neglecting  Q1  and  Q2  base  currents,  the  current  in  R2  equals  the  current 
in  Rl,  so  the  voltage  across  R2  is 


The  band-gap  voltage  is  the  voltage  at  tiie  emitter  of  Q4.  This  voltage  is 


VEQ4 


+ V 


BEQ1 


and  its  TC  is  the  sum  of  the  positive  TC  across  R2  and  the  negative  TC 
(-0.  36%  /°C)  across  VBEqj.  By  adjusting  the  R2/R1  ratio,  the  band-gap 
voltage  can  have  zero  TC  or  any  value  required.  For  the  FOTIC,  the  TC 
was  designed  at  +0. 12%  /°C.  This  value  was  picked  to  match  the  TC  of  the 
programmable  resistors  to  obtain  constant  current  over  the  temperature 
range. 

The  band-gap  voltage,  VEq4,  is  temperature  compensated,  but  to  get 
voltage  compensation  also,  Q4,  Q5,  R4,  and  R5  were  added.  Rather  than 
connecting  the  top  of  R2  and  R3  to  the  supply  directly,  Q4  was  added  to 
partially  decouple  supply  variations  from  VEq4.  Q5  was  added  to  give  a 


Appendix  A contains  a complete  description  of  this  advanced  bipolar 
process 
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driving  point  equal  to  EQ4.  The  TC  at  EQ5  is  equal  to  the  TC  at  EQ4.  The 
value  of  R5  was  determined  from  computer  simulations  to  give  the  smallest 
variation,  over  the  temperature  and  voltage  range,  to  the  emitter  of  Q5. 

R20  was  added  later  to  squelch  oscillations  resulting  from  the  emitter 
follower  (Q5)  driving  a capacitive  load.  The  emitter  of  Q5  has  a +0. 12‘7</°C 
TC  and  is  essentially  independent  of  supply  variations. 

Pre-Bias  Current  Source 

The  pre-bias  current  source  consists  of  Q6  and  Q7,  R6  and  R7  as  shown  in 
Figure  8.  Without  R7,  it  would  look  like  any  standard  current  source 
(i.  e. , whatever  current  flows  through  R6  and  the  diode- connected  transistor, 
Q6,  must  also  flow  through  Q7,  independent  of  the  load  in  Q7's  collector). 
The  current  in  Q7  is  constant  because  the  source  of  current  for  R6  and  Q6 
is  from  the  emitter  follower,  Q5,  whose  emitter  voltage  varies  +0. 12%/ °C. 
R6  was  calculated  so  that  the  voltage  across  it  also  changed  by  +0. 12%/ °C; 
thus,  the  current  through  it  is  constant.  R7  is  added  to  ensure  an  output 
current  of  2 pA  minimum. 


Figure  8.  Pre- Bias  Current 


Differential  Amplifier 


When  the  FOTIC  was  being  synthesized,  the  first  design  did  not  use  the 
differential  amplifier.  The  output  transistor  was  driven  directly  from  the 
band-gap  output  (EQ5).  However,  it  was  determined  that  the  current  drawn 
by  the  base  of  Q10  varied  too  much  (from  125  (iA  to  3 mA)  for  Q5  to  supply 
without  upsetting  the  regulation.  A buffer  was  required  to  separate  the 
large  output  transistor  base  current  variations  from  the  band- gap  output. 


The  differential  amplifier  shown  in  Figure  9 was  added.  It  is  driven  from 
the  emitter  follower  output  of  the  band-gap  regulator.  It  operates  the  same 
as  any  differential  amplifier  [ i.  e. , given  an  input  at  one  side's  base  (VBQg), 
it  amplifies  the  difference  between  that  base  and  its  other  base  (Vbq9)  ] . 
Because  the  collecter  of  Q9,  which  is  the  differential  amplifier  output,  is 
connected  to  the  base  of  Q10,  and  the  emitter  of  Q10  is  connected  back  to 
the  base  of  Q9,  a feedback  loop  is  formed.  This  feedback  loops  makes  the 
differential  amplifier  try  to  maintain  its  bases  equal  to  each  other  (VBQg  = 
Vbq9).  Whether  VBQg  changes  with  temperature  or  Vbq9  tries  to  change 
with  output  current,  both  bases  always  try  to  be  equal  to  each  other.  Thus, 
the  emitter  of  Q10  (which  is  connected  to  the  base  of  Q9)  has  the  same 
voltage  TC  as  the  emitter  of  Q5,  +0. 12%  1° C. 


Wftien  VBQg  = vgQg»  current  through  R9  equals  the  current  through  R19 
and  the  current  through  R8  is  equal  to  twice  that  through  R9.  Normally,  the 
resistance  value  of  R9  equals  two  times  the  value  of  R8,  but  for  this  design, 
R9  also  acts  as  the  pull-up  resistor  to  turn  Q10  ON  . The  base  current  of 
Q10  varies  from  125  |*A  to  3 mA  because  of  transistor  beta  variation  and 
the  programmable  output  current  range  of  25  to  150  mA. 
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Figure  9.  Differential  Amplifier,  Output  Transistor, 
and  Current -Limiting  Resistors 

When  Q10  is  OFF,  the  base  of  Q9  is  pulled  down  almost  to  ground  and  the 
current  in  Q9  is  essentially  zero,  while  the  full  current  limited  by  R8  goes 
through  Q8.  So,  Q9  current  is  switched  from  zero  to  1/2  I while  Q8 
current  is  switched  from  1/2  IR8  to  IR8<  In  addition  to  these  variations, 
the  supply  (V  ) varies  from  4.  5 to  5.  5V. 

The  value  of  R9  was  originally  picked  to  balance  turn- ON  and  OFF  time  of 
Q10,  but  computer  simulations  trimmed  that  value  to  minimize  the  current 
imbalance  in  Q8  and  Q9  with  all  the  above  variations  taken  into  account. 

R19  was  added  later  to  suppress  oscillations  that  could  have  occurred  and 
frequently  do  occur  with  differential  amplifiers  built  on  high-performance 
processes,  like  the  Honeywell  Advanced  Bipolar  Process  I. 
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On-Chip  Programming  Resistors 

Again  referring  to  Figure  9,  the  on-chip  resistors  (RIO,  Rll,  R12)  used  to 
limit  the  output  current  are  made  from  emitter  diffusion  rather  than  base  or 
collector  diffusion  because  it  has  the  most  linear  TC  (+0.  12%/ °C)  of  all  the 
available  resistor  diffusions.  When  any  or  all  of  the  emitter  diffused  re- 
sistors (RIO,  Rll,  R12)  are  connected  between  ground  and  the  emitter  of 
Q10,  the  current  through  them  is  constant  over  the  entire  temperature  range 
because  both  their  value  and  the  voltage  across  them  vary  at  the  same  rate. 

Power  supply  voltage  variations  have  very  little  effect  on  the  output  current 
because  the  emitter  voltage  of  Q10  is  insensitive  to  them  (it  is  a duplicate  of 
the  band-gap  output)  and  the  LED  is  in  the  collector  of  Q10,  which  means 
the  voltage  variation  across  it  has  very  little  effect  on  emitter  current. 

Thus,  the  constant  output  current  of  the  FOTIC  is  a function  of  how  well  the 
band-gap  output  tracks  temperature  and  voltage  variations,  plus  it  is  a func- 
tion of  the  i.'.ifference  between  the  differential  amplifier  bases  that  is  con- 
trolled by  the  current  imbalance  in  their  emitters. 

TTL  Gate 

The  input  of  the  TTL  gate  is  the  familiar  multiple-emitter,  Schottky-clamped 
transistor,  Qll  (see  Figure  10).  Each  input  emitter  is  clamped  to  ground 
by  a reverse -biased  Schottky  diode.  The  Schottky  clamp  prevents  the  input 
voltage  from  going  negative  more  than  the  drop  across  it.  It  was  made 
minimum  size  for  the  specified  maximum  current  to  minimize  the  input 
capacitance. 


Q12  is  the  equivalent  of  the  so  called  "phase  splitter"  in  normal  TTL  gates. 
Its  emitter  drives  Q16,  which  turns  OFF  the  gate  output  transistor,  Q14, 


while  its  collector  drives  Q13,  which  turns  Q14  ON.  The  drives  to  Q13 
and  Q15  were  made  equal  so  that  Q14  would  turn  ON  and  OFF  with  the  same 
speed.  The  values  of  resistors  R13  through  R17  were  made  as  large  as  pos- 
sible to  minimize  the  power  supply  current  drain,  for  minimum  chip  power. 
All  transistors  in  the  gate  are  Schottky  clamped  to  prevent  saturation  which 
would  severely  limit  their  speed.  The  open  collector  gate  output,  Q14,  and 
passive  pull-up,  R9,  turns  the  output  transistor  Q10  OFF  and  ON. 


DETAILED  DESIGN  ANALYSIS 

A detailed  design  analysis  was  performed  on  the  nominal  parameter  values 
picked  during  synthesis  of  the  FOTIC  circuit  configuration.  Some  of  the 
reasoning  and  equations  developed  to  examine  worst-case  conditions  and 
parameter  values  are  presented  in  the  following  paragraphs.  The  FOTIC 
specification  given  in  Section  III  was  used  as  the  input  to  the  analysis  and 
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the  analysis  results  are  measured  to  determine  the  predicted  performance 
versus  specification  requirements.  The  results  of  this  analysis  were  used 
to  generate  the  information  presented  under  "Test  Plan"  in  Section  VI. 


Maximum  Ratings 

The  maximum  rating  values  listed  in  Section  III,  Table  1 are  included  in  the 
specification  to  indicate  the  limits  that  the  chip  should  be  subjected  to.  The 
devices  will  not  be  damaged  if  exposed  to  these  conditions,  but  if  they  are 
exceeded,  the  device  may  fail. 

Maximum  Supply  Voltage--The  FOTIC  must  withstand  Vcc  = 7.  OV  but  not 
necessarily  operate  there.  The  maximum  operating  voltage  is  5.  5V.  The 
process  specifications  which  show  that  the  device  can  easily  meet  these  con- 
ditions are  listed  below: 


Parameter 

Nominal  Value 

Variation  from  Nominal 

bvc-sub 

35V 

-15V 

bvcbo 

20V 

- 3V 

bvceo 

10V 

- 3 V 

Maximum  Supply  Current- -The  maximum  supply  current  ICCtv.!w  is  given  as 
200  mA,  including  the  largest  value  of  To  calculate  this  current,  the 

case  with  on-chip  resistors  will  be  used.  The  maximum  deviation  of  IT 
has  been  calculated  as  9 percent  (see  following  paragraphs  titled  "Output 
Current  Limited  by  On-Chip  Resistors").  Assuming  the  on-chip  resistor 
tolerance  of  11  percent,  these  two  deviations  are  added  together  (RSS)  since 
they  correlate. 

RSS  stands  for  root  sum  square  which  means  each  number  is  squared,  then 
the  squares  are  added  together.  Finally,  the  square  root  of  the  summed 
squares  is  taken  to  obtain  the  RSS  value. 
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Thus: 


[(0.  II)2  + (0.09)2]  = 14.2% 

The  maximum  IT  F;n  then  is 

(150  mA)  (114.2%)  = 171.3  mA 
From  Table  15,  I - 22.  9 mA. 

Then, 


cc 


= 171.  3 + 22.  9 = 194.  2 mA 


max 


Notice  that  the  device  is  tested  for  L;C  = 200  mA  at  150^,  T.,  and  for 

max  j 

the  maximum  IT  pn  = 180  mA  (150  + 20  percent).  It  can  happen  that  the 
operating  current  is  less  than  22.  9 mA  and  I^p  has  a +20  percent  toler- 
ance; thus,  Icc s 200  mA. 

^max 


Maximum  Junction  Temperature --It  will  be  assumed  that  the  maximum  safe 
operating  junction  temperature  for  reliable  performance  of  silicon  devices 
is  +150‘C.  The  design  of  the  FOTIC  has  been  carried  out  using  this  junction 
temperature  rather  than  the  maximum  ambient  temperature  of  +125*C. 


Maximum  Power  Dissipation- -The  maximum  power  dissipation  will  occur 
with  the  on-chip  resistor  connected  for  the  maximum  IT  F,n  condition  and 
Vcc  = 5.  5V.  The  ICcmax  was  previously  calculated  as  194.  2 mA,  with  the 
maximum  IT  -p,n  = 171.  3 mA.  Assuming  a minimum  forward  voltage  drop 
across  the  LED  of  1.  3V,  the  maximum  power  dissipation  is  (194.  2)  (5.  5)  - 
(171.3)  (1.  3)  = 845  mW  which  is  less  than  the  875  mW  maximum  allowed. 
Another  method  for  calculating  this  power  uses  the  test  limits.  The  maxi- 
mum  *LED  = nxA  is  tested  at  ^ccmax  = 200  mA.  The  maximum  power 
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would  then  be  (200)  (5.  5)  - (180)  (1,  3)  = 866  mW,  which  also  is  less  than  the 
875  mW  maximum  allowed. 


Input  Characteristics 

Some  of  the  input  characteristics  are  not  defined  by  the  specification,  but 
are  standard  TTL  specifications  that  can  be  found  in  almost  any  handbook 
on  TTL. 

Input  Clamp  Voltage- -The  clamp  diodes,  SI  or  S2,  must  clamp  the  input  at 
-1.  5V  with  12  mA  forward  current  through  it.  The  Schottky  diodes  used  to 
perform  this  function  have  nominal  parameters  that  are  derived  in  Section 
V,  under  "Layout  Considerations.  " The  parameters  of  interest  are  sum- 
marized in  Table  7.  They  are  the  reverse  saturation  current  per  unit  area, 
IQ,  the  resistance  unit  area,  Rq,  and  the  Schottky  contact  voltage,  Vc. 


TABLE  7.  SCHOTTKY  DIODE  PARAMETERS 


Parameter 

Operating  Temperature 

Units 

-55°C 

+25°C 

+150°C 

I 

o 

1. 2 x 10'19 

4 x 10"14 

1.2  x 10'9 

A/P2 

V 

c 

0.  020657 

0,  028237 

0.  040082 

V 

Ro 

1.  52  x 104 

1. 9 x 104 

2.49  x 104 

n-p2 

With  these  unit  values,  and  the  Schottky  area.  A,  defined,  the  following 
equations  can  be  evaluated  and  the  input  clamp  voltage  (diode  drop)  at  12 
mA  forward  current  (1^)  at  each  temperature  can  be  determined: 
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Rgn  = Schottky  series  resistance  = Rq/A 
Ig  = Schottky  saturation  current  = Iq*A 

Vclamp  * Totaldlodedr°P"ISHRSH  + VC<n,ISH/IS) 

The  area  for  the  Schottky  diodes  was  chosen  to  ensure  that  the  metallization 
covering  it  would  carry  25  mA  without  any  metal  migration.  The  contact 
area  chosen  was  20  x 20  n or  400  p2  The  calculated  results  are  given  in 
Table  8. 


TABLE  8.  SCHOTTKY  DIODE  FORWARD  VOLTAGE 
OVER  TEMPERATURE  RANGE 


v 

clamp 

= ishrsh 

+ 

V 

Temperature 

1. 141V 

= 0.456 

+ 

0.685 

- 55  °C 

1.147V 

= 0.570 

+ 

0.577 

+ 25  °C 

1. 156V 

= 0.750 

+ 

0.406 

+150°C 

Input  Noise  Margin- -The  noise  margin  is  commonly  referred  to  as  the  dif- 
ference between  the  worst-case  output  level  and  the  worst-case  input  level 
of  a TTL  gate.  For  FOTIC  input,  the  worst-case  levels  are  stated  as  0.  8V 
maximum  input  voltage  and  2.0V  minimum  input  voltage.  Since  there  is  no 
TTL  output  on  the  FOTIC  which  can  be  measured  to  meet  the  foregoing 

specification  as  normally  spelled  out  in  TTL  handbooks,  an  equivalent  I. 

LED 

was  determined.  For  the  maximum  input  of  0.  8V,  = 1 mA  was  mea- 

sured with  R10  grounded  (refer  to  Figure  6).  For  the  minimum  input  of 
2.  0V,  IT  p:n  = 130  mA  was  measured  with  R10,  Rll,  and  R12  grounded 
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(150  mA  case).  Computer  simulations  at  all  temperatures  and  voltages 
were  run  and  verified  the  above  conditions. 


Input  Current- -There  are  three  conditions  of  interest  for  designing  the  input 
current.  First,  the  input  current  at  the  maximum  input  voltage  (5.  5V)  is 
limited  to  1 mA.  Next,  the  "normal"  operating  input  voltage  (2.  4V)  has  a 
maxim vun  input  current  of  40  pA  associated  with  it.  Finally,  the  maximum 
input  current  with  the  low-level  input  voltage  at  0.  4V  is  -1.  6 mA  over  the 
temperature  range. 


To  accomplish  the  first  two  requirements,  the  initial  design  used  standard 

TTL  design  procedures  to  kill  the  transistor  inverse  beta.  The  tied-back 

0 

emitter  had  a K factor  of  6 and  1^  was  calculated  for  the  worst-case  condi- 
tion of  one  input  at  ground  (0V)  while  the  other  input  was  maximum  (5.  5V). 
Again  referring  to  Figure  10, 


cc 


BE 


min 


TTT7 


min 


5.  5 - 0.  7 
(23K)  (0.  8) 


= 0.  26  mA 


assuming  -20  percent  tolerance  on  R13.  If  the  inverse  beta  of  Qll  is  3 or 
less,  the  input  current  will  be  less  than  1 mA.  However,  this  design  did 
not  meet  the  requirements  because  Q1 1 had  a very  low  reverse  early  voltage 
(the  emitters  act  like  collectors  when  the  inputs  are  at  voltages  greater  than 
2V).  This  effect  caused  excessive  current  when  the  input  voltage  reached 
4.2V. 


The  input  stage  was  redesigned  by  putting  a Schottky  diode  across  the  base- 
collector  junction  and  removing  the  tied-back  emitter.  The  Schottky  ensures 
that  the  base -collector  junction  cannot  turn  ON,  and  thus  the  lateral  NPN 
transistor  made  by  the  two  emitters  and  the  base  cannot  turn  ON  either. 

"5 

Fulkerson,  D. , "Direct -Coupled  TTL;  A New  High-Performance  LSI  Gate 
Family, " IEEE  Journal  of  Solid  State  Circuits,  Vol.  SC-10,  No.  2,  April 
1975. 
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Simulations  showed  that  less  than  10  pA  flowed  into  the  input  at  5.  5V.  Thus, 
both  input  "high"  conditions  (2. 4V  and  5.  5V)  were  well  within  the  require- 
ments. The  disadvantage  of  the  Schottky-clamped  Qll  is  the  reduction  in 
input  threshold  voltage  at  high  temperatures. 

The  input  current  at  the  maximum  low-level  voltage  (V-n  = 0.4V)  was  deter- 
mined as  follows. 


Assume: 


a)  ±20%  absolute  resistor  tolerance 

b)  Temperature  coefficient  of  resistors  +0.  2%/*C  for  T < 23‘C 

c)  I . I [e47.6  (1  - 296/T)] 

C)  XES(T)  1ES(239C)  Le  J 


Then: 


2) 


3) 


ES(239C) 


IES(23‘C)  = !•  18  x 10  A 

e)  IEg  absolute  tolerance  = -65%,  +200% 

f)  Inverse  beta  £ 5 

g>  VCEQllat-55<,C20-3V 


1)  R13  is  minimum  at  -55*0,  so  R13 

-0.  002(78)  (23)  (0.  8)  = 15.  53K 

R14  is  minimum  at  -55°C,  so  R14 


min 


min 


= 23K  (0.  8) 


= 5.5K  (0.8) 


-0.  002(78)  (5.  5K)  (0.  8)  = 3714f) 


The  input  current  is  highest  at  -55‘C,  so  to  calculate  it  at  that 
temperature,  I^g  (-55°)  and  (-55°)  must  be  calculated. 

4)  Iggt-SS-C)  ' [^8(23X1)  ' IES(23‘C)  (0.65)]  [e4?  6 (1  296/218)] 

24* 


= 1.66  x 10 
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Output  Characteristics 

There  is  only  one  output,  and  its  characteristics  are  defined  by  two  states, 
OFF  and  ON.  However,  there  are  various  levels  of  output  current  when  the 
output  is  ON,  so  the  analysis  becomes  quite  involved.  An  additional  compli- 
cation is  created  by  the  requirements  for  two  package  types,  a 14-pin  DIP 
and  an  8-pin  TO-99.  The  TO-99  does  not  have  enough  pins  to  allow  the  on- 
chip  programmable  resistors  to  be  used,  so  analysis  for  this  case  is  also 
presented. 

Output  Current  Limited  by  On-Chip  Resistors- -Ideally,  the  output  current 
is  constant.  Practically,  the  parameters  of  the  circuit  vary  with  processing 

and  with  the  actual  design  to  produce  a tolerance  on  this  ideal  constant  cur- 

% * 

rent.  For  this  design,  there  are  three  contributors  to  the  tolerance  on  the 
output  current  (refer  to  Figure  6): 


a)  The  input  or  reference  for  the  differential  amplifier  has  a 
variation  caused  by  the  non-ideal  parameters  of  the  band -gap 
regulator. 


b)  The  differential  amplifier  itself  has  a "built-in"  tolerance 
associated  with  its  ability  to  maintain  equal  base  voltages. 
The  difference  in  the  VgEs  of  each  transistor  will  introduce 
an  offset  that  contributes  to  the  overall  non-ideal  output 
current. 


c)  Finally,  the  design  of  the  differential  amplifier  itself,  with 
all  the  various  factors  contributing  to  the  inbalance  in  the 
currents  in  Q8  and  Q9,  ensures  a non- ideal  output  current. 


To  get  some  practical  bounds  on  the  band-gap  regulator  output  variation,  a 
sensitivity  analysis  was  performed.  Each  major  contributor  to  its  error 
was  varied  one  at  a time,  plus  groups  of  contributors  were  varied  together 
to  get  a column  of  variations  that  could  be  added  together  to  give  a total 
variation  of  the  band-gap  output.  These  variations  exist  at  each  temperature 
and  supply  voltage  that  the  band  gap-regulator  is  subjected  to.  Table  9 pre- 
sents this  sensitivity  analysis  for  three  values  of  power  supply  and  three 
temperatures  for  each  supply  value.  The  numbers  shown  are  the  percent 
change  in  as  a result  of  the  parameter  being  changed  by  the  indicated 

tolerance.  The  total  change  for  each  of  these  columns  is  obtained  by  cal- 
culating the  RSS  value. 

The  mismatch  of  Q8  and  Q9  VgEs  is  not  greater  than  4 mV.  This  error 
term  is  not  a major  source  of  error,  but  it  must  be  considered.  Its  error 
value  can  be  obtained  by  taking  its  change  relative  to  the  total  change  (mini- 
mum value)  on  the  base  of  Q9.  The  minimum  voltage  change  on  Q9  is  1.  8V, 
so  the  mismatch  of  Q8  and  Q9  VgEs  contribute  0.004/1.8  - 0.2  percent. 
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SENSITIVITY  ANALYSIS  OF  BAND-GAP  REGULATOR 


for  /3  = 0.  5x,  I„  * 3x.  Both  cases  were  calculated  but  only  the  worst  value 


The  nominal  design  values  used  in  the  differential  simplifier  create  an  error 
in  the  ideal  output  current  value.  Computer  simulation  of  this  circuit  pro- 
duced the  actual  nominal  values  obtained  at  different  temperatures  and  volt- 
ages for  the  various  output  values  shown  in  Table  10.  The  numbers  shown 
in  the  "deviation  from  ideal"  columns  are  percentage  changes  in  IT  Fn. 


TABLE  10.  NOMINAL  DESIGN  VALUE  OF  ILED 


Vcc 

(V) 

Ideal 

!led 

(mA) 

Nominal  Design  Value 

JLED 

Deviation  From  Ideal 

_ __  . (%)  . . 

-55°C 

+25°C 

+150°C 

-55°C 

+25°C 

+150°C 

Hi 

25 

25.22 

25.  37 

24.  67 

0.  88 

1.48 

1 32 

■H 

50 

49.  38 

49.  80 

48.  51 

-1,24 

-0.  40 

-0.  98 

1 

75 

73.  64 

74.  49 

72.66 

-1.  81 

-0.  68 

-3.  12 

100 

98.  15 

99.48 

97.  31 

-1.  85 

-0.  52 

-2.  69 

■ ; 

125 

121. 59 

123.  53 

120.  76 

-2.  73 

-1  18 

-3.  39 

WM 

150 

146.  14 

148.  44 

145.  55 

-2.  57 

-1.  04 

-2.  97 

mm 

25 

25.  53 

25.  60 

24.  89 

2.  12 

2.  40 

-0.  44 

■ 

50 

49.  95 

50.  25 

48.  95 

-0.  10 

0.  50 

-2.  10 

■n 

75 

74.  49 

75.  17 

73.  31 

-0.  68 

0.  23 

-2.  25 

100 

99.  30 

100.  40 

98.  21 

-1.  70 

0.  40 

-1.  79 

125 

123.  07 

124. 70 

121.  88 

-1.  54 

-1.  04 

-2.  50 

■ 

150 

148.  03 

149.  91 

146.  94 

-1.  31 

0.  06 

-2.  04 

25 

25.  84 

25.  80 

25.  07 

3.  36 

3.  20 

0.28 

- 

50 

50.  50 

50.  63 

49.28 

1.  00 

1. 26 

1.44 

m 

75 

75.28 

75.  74 

73.  83 

0.  37 

0.  98 

-1.  56 

100 

100.  33 

101.  15 

98.  90 

0.  33 

1.  15 

-1.  10 

■ 

125 

124. 34 

125.  65 

122. 75 

-0.  53 

0.  52 

-1.  80 

■ 

150 

149.  59 

151.  07 

148.  00 

-0.27 

0.  71 

-1.  33 

These  three  error  terms  are  relatively  independent  of  each  other  and  thus 
add  directly  rather  than  RSS.  Table  11  condenses  the  data  from  Tables  9 
and  10  by  using  the  worst  values  for  the  given  temperature  and  current  level 
without  regard  to'power  supply  voltage. 

To  meet  the  specification,  these  deviations  must  be  less  than  ±10  percent, 
which  they  are.  When  the  tolerance  of  the  output  resistor  is  added  (RSS) 
to  these  values,  the  worst-case  tolerance  should  be  £ 20  percent. 
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TABLE  11.  CALCULATED  DEVIATION  OF  ILED 


Ideal 

LED 

(mA) 

Calculated  Deviation  of  IT  (%) 

LuU 

-55°C 

+25°C 

+150°C 

25 

7.  30 

7.77 

6.  88 

50 

5.  18 

5.  83 

7.  76 

75 

5.  75 

5.  55 

8.  78 

100 

5.  79 

5.  72 

8.  35 

125 

6.  67 

5.  75 

9.  05a 

150 

6.  51 

5.  61 

8.  63 

Maximum  deviation. 


Output  Current  Limited  by  External  Resistor--For  an  external  resistor  with 
zero  TC  connected  to  the  emitter  of  Q10,  the  output  current  varies  with 
temperature  +0.  12%/ ‘C . The  tolerance  on  the  output  current  without  a 
resistor  is  ±10  percent.  The  external  resistor  temperature  coefficient  plus 
its  tolerance  must  be  known  to  calculate  the  value  of  output  current  for  this 
condition. 

A listing  of  the  output  current  value  for  the  nominal  case  at  three  tempera- 
tures is  given  in  Table  12.  The  external  resistor  characteristics  plus  the 
±10  percent  tolerance  must  be  added  to  these  values. 
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TABLE  12.  1LED  WITH  EXTERNAL  RESISTOR 


Nominal  I^ED  'vhen  Usecl 

With  an  External  Resistor(s) 

Units 

-55°C 

+25°C 

+150°C 

22.  6 

25 

28  75 

mA 

45.2 

50 

57.  5 

mA 

67.  8 

75 

86.25 

mA 

90.  4 

100 

115.  0 

mA 

113.  0 

125 

143.  75 

mA 

135  6 

150 

172.  5 

mA 

Power  Supply  Current  Drain 

The  power  supply  current  drain  (Icc)  is  of  interest  for  both  states  of  the 
output  transistor.  To  evaluate  the  power  supply  current  drain,  computer 
simulation  was  again  used  along  with  some  hand  calculations.  The  six  I 

cc 

values  of  interest  taken  from  the  computer  simulations  are  shown  in  Table 
13. 


TABLE  13.  NOMINAL  I 

cc 


Parameter 

Operating  Temperature 

Units 

-55°C 

+ 25°C 

+1 50°C 

I with  Q10  ON 
cc 

18.25 

18.  03 

19.28 

mA 

I with  Q10  OFF 
cc 

31.  93 

30.  66 

30.  67 

mA 
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Table  13  lists  the  nominal  values  at  V =5.  5V.  To  find  the  variations  on 

cc 

these  nominal  values,  a sensitivity  analysis  was  performed.  The  transis- 
tor's beta,  Ig,  and  r^  were  varied  together.  The  tolerances  on  these  para- 
meters are  shown  in  Table  14.  The  resistor  values  were  changed  by  -20 
percent  to  produce  the  highest  current.  The  delta  changes  were  added  (RSS), 
since  the  parameters  all  correlate.  Finally,  the  percent  change  from  nomi- 
nal current  was  calculated  for  the  RSS  value.  This  percentage  was  then  used 
to  determine  the  worst-case  variation  on  the  nominal  value  of  supply  current 
at  the  three  temperatures  at  Vcc  = 5.  5V,  as  shown  in  Table  15. 


TABLE  14.  SENSITIVITY  ANALYSIS  FOR  I 

cc 


Parameter 

Sensitivity  at  5V,  25°C,  Icc  = 2 8.  94  mA 

Units 

Tolerance  (%) 

Total  *cc 

AI 

cc 

|jjgrg 

— 

— 

— 

*8 

+200 

— 

— 

— 

rb’ 

+50 

29.  15 

0.  21 

mA 

High  resistors 

-20 

29.  91 

0.  97 

mA 

Low  resistors 

-20 

34.  31 

5.  37 

mA 

RSS 

=>  5.  46 

mA 

i 

5.46/2  8.  94 

* 18.  9 

% 

TABLE  15.  WORST-CASE  TOTAL  IC<J 


Parameter 

Calculated  Total  Icc 

Units 

-55  C 

+25  C 

+150  C 

I with  Q10  ON 

cc 

21.  70 

21.44 

22.  92 

mA 

I with  Q10  OFF 

cc 

37.  96 

36.  45 

36.  47 

mA 
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Switching  Characteristics 

The  switching  characteristics  were  determined  by  computer  simulation. 

Results  are  tabulated  in  Table  16  for  nominal  parameter  values.  Only  the 

extreme  conditions  were  simulated  (i.e. , V = 4.  5V  at  -SS'C  and  V 

cc  cc 

5.5V  at  +150qC).  The  nominal  case,  Vcc  = 5V  at  25*0,  was  included  for 
typical  values.  See  Section  III,  Figure  3 for  meaning  of  symbols. 


TABLE  16.  SWITCHING  CHARACTERISTICS  DERIVED 
FROM  COMPUTER  SIMULATIONS 


Conditions 

T 

°HL 

T 

°LH 

T 

dhl 

T 

dlh 

T T 

dhl  ' dlh 

Units 

Specification 

10.  0 

7.  0 

15.  0 

15.  0 

5.  0 

ns 

4.  5V  at  -55°C 

2.  0 

4.  0 

5.  5 

9.  5 

4.  0 

ns 

5.  OV  at  +25°C 

2.  0 

3.  0 

5.  0 

5.  5 

0.  5 

ns 

5.  5V  at  +150°C 

2.  5 

3.  0 

5.  0 

7.  5 



2.  5 

ns 

SECTION  V 

DEVICE  PARAMETERS 


The  initial  synthesis  of  a circuit  can  be  realized  using  estimated  values  for 
device  parameters.  However,  before  circuit  simulation  can  be  finalized  and 
the  layout  completed,  the  device  parameters  must  be  derived  for  the  specific 
size  devices  to  be  used. 

This  section  gives  examples  of  this  device  parameter  derivation  and  sum- 
marizes the  data  obtained  for  the  FOTIC. 

Figure  11  is  a detailed  schematic  of  the  FOTIC,  including  all  its  passive 
parasitic  components  that  were  derived. 


| 

I 

I 


TRANSISTOR  PARAMETERS 

There  are  nine  different  transistors  out  of  a total  of  15  used  in  the  FOTIC. 
These  nine  are  basically  different  sizes  of  two  basic  styles  of  transistor 
layout.  Figure  12  shows  the  basic  structure  used  for  Q1  through  Qio  (see 
Figure  11  for  transistor  numbering).  This  structure  is  characterized  by  the 
placement  of  the  base  in  between  the  emitter  and  collector,  termed  EBC 
structure.  Q1  and  Q3  through  Q7  also  have  double  base  stripes  and  feature 
a square  emitter,  Q2  has  10  square  emitters  each  the  size  of  Ql's  but  has 
a single  base  stripe.  Q8  and  Q9  have  emitters  five  times  the  area  of  Q1 
and  have  double  base  stripes.  QIC's  emitter  has  threj  equal  emitters  whose 
total  area  is  50  times  that  of  Ql. 

These  features  yield  the  following  necessary  characteristics: 
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Figure  11.  Circuit  Diagram  for  Computer  Simulation 


Circuit  Diagram  for  Computer  Simulation  (Concluded) 


• Smallest  ratio  of  emitter  periphery  to  emitter  area  to  ensure 
the  best  VBE  matching 

• Wide  bases  relative  to  emitter  width  provides  low  resistance 
and  effective  use  of  all  four  emitter  edges. 

This  structure  has  more  base -collector  capacitance  than  single-base  struc- 
tures or  BEC  structures  with  rectangular  emitters,  but  for  these  linear- 
type  operating  transistors,  capacitance  is  less  important  than  matching  or 
emitter  efficiency. 

Figure  13  shows  the  other  style  transistor  used  in  the  TTL  gate  portion  of 
the  FOTIC.  This  digital  section  (Qll  through  Q 14,  Q16)  requires  high-speed 
Schottky-clamped  transistors  (Q15  is  not  used).  The  Schottky  diodes  vary  in 
size  as  do  the  emitters,  but  the  structure  features  BEC  placement  and 
rectangular  emitters  to  minimize  capacitance  and  provide  easy  Schottky 
diode  conti  _c. 

Table  17  shows  the  relative  transistor  sizes  and,  in  addition,  includes  a 

measure  of  the  fT  peak  current  to  indicate  that  all  transistors  operate  on  the 

linear  side  of  the  peak  (i,  e.  , less  than  the  peak  shown  in  the  Appendix,  Figure 

A-4).  The  current  density  of  the  transistor  used  for  that  curve  is  0.  026 
o 

mA/|i  , and  when  multiplied  by  the  area  of  each  transistor,  yields  a number 
greater  than  or  equal  to  the  typical  current  flowing  through  the  transistor. 

Figure  14  shows  the  model  used  for  the  transistors  whose  parameters  were 
derived  above. 

Figure  15  shows  a cross  section  of  a transistor  with  various  equations  for 
calculating  the  parameters  of  a transistor.  Table  18  summarizes  all  the 
data  generated  by  using  Figure  15  and  Table  17. 
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TABLE  17.  RELATIVE  TRANSISTOR  EMITTER  SIZES 


Emitter  Sizea 

Q1  and 

Q3  - Q7 

Q2 

Q8  and  Q9 

Q10 

Qll  and 

Q 12  and  Q16 

Q13 

Q14 

Emitter  length  (p) 

10.7 

10  (10.  7) 

75.7 

535.  2 

12.7 

25  7 

75.  7 

Emitter  width  (p) 

10.  7 

10.  7 

7.  7 

10.  7 

7.  7 

7.  7 

7.  7 

Emitter  area  <m-^ ) 

114.  5 

1145.  0 

582.  9 

5695  0 

97.  8 

197.  9 

582.  9 

Normalized  area 

1.  0 

10.  0 

5.  0 

50.  0 

0.  85 

1 7 

5.  0 

Typical  IE  ImA) 

0.  33 

0.  33 

12.  0 

150.  0 

0.  65 

1.  5 

12.  0 

0.  026  x area 

3.  0 

30.  0 

15  0 

150.  0 

2.  5 

5 2 

15.  0 

P*  ISOLATION 


APPROXIMATE  SCALING  RELATIONSHIPS  (.ALL  DIMENSIONS  ARE  IN  MICRONS  <U)J 


RESISTANCES: 

RE  - 0 . 7/N  + 480/(t«*dc) 

N-l  FOR  IX  SIZE,  N=2  FOR  2X  SIZE,  ETC. 
RS  * 75/ltn 
RC*B.6*43/«eo 
RBI  = 264*41AblO 
RB2 . 240M2/tb2  n 


CAPACITANCES: 

CBE  = 2 8*10~3  C4.*l,  + 0.9*2  (An- U>]  pF 

CB1C  * A.ono"4  [<Abl*t  bl>  ♦ l.l«2<Abl+lbl)]  pF 
CB2C»4.8*10*4t(db2*tb2)  + l.l*2ldb2+tb2)l  pF 
CCS*3.1*10'8[<Ap*lp|  + J*2CA*+to!J  pF 

REVERSE  SATURATION  CURRENTS: 

IES  - 1.2*10' 18  [(Af*«t>  ♦ 0. 0 18*2(4rMt) J AMPS 

ICS  » 2 .4*10'19t(4»*t«)  + O.JJKAbl*<bl>  + (Ab2*tb2)  - <4»*>tl)  ♦ 0.37(2<Abl>4b2HU.bln  b2lll  AMPS 

Figure  15i  Cross-Sectional  View  of  Transistor  With  Equations 
\ for  Calculating  Transistor  Parameters 
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SCHOTTKY  DIODE  PARAMETERS 


The  measured  parameter  values  of  a typical  Schottky  diode  at  25  °C  whose 
o 

area  is  144  p are  as  follows: 

forward  * 670  1 mA-  RSH  = 135ft'  CSH  = 12  PF 

To  determine  the  per  unit  area  parameters,  start  with  the  contact  potential, 

V 

V = "K  T 
C q 

where 

n = 1.  1 

K = Boltzman's  constant 
T = “Kelvin 
q = Electronic  charge. 

Thus, 

V = 0.020657  at  -55°C 
c 

V = 0. 028237  at +25°C 
c 

V = 0.  040082  at  +150°C 
c 
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The  reverse  saturation  current,  I , is  given  as: 

s 

T T ” VSH 
Ts  ' e V 

c 

where  IgH  and  VgH  are  the  current  and  voltage  of  the  Schottky  diode  without 
series  resistance.  Thus, 


VSH  = °-  670  " (135)(0.  001)  = 0.535V 

The  capacitance  is  not  a function  of  temperature,  but  the  resistance  has  a 
+0,  25%/ °C  temperature  coefficient.  Taking  into  account  the  144  p.2  area, 
the  per  unit  parameters  as  a function  of  tempera ture  is  listed  in  Table  19. 

TABLE  19.  PER  UNIT  AREA  SCHOTTKY 
PARAMETERS 


Parameter 

-55°C 

+25°C 

+125°C 

Units 

I 

o 

1.2  x 10~19 

4 x 10"14 

1.2  x 10*9 

A In2 

R 

o 

1.  52  x 104 

1.  9 x 104 

2 . 5 x 104 

n-p2 

C 

o 

— 

8.  3 x 10"4 

— 

PFV2 

Based  on  the  area  of  each  Schottky  diode.  Table  20  lists  the  parameters  of 
the  various  transistor  Schottky  diodes. 


TABLE  20.  SCHOTTKY  PARAMETERS 


Parameter 

Q12 

Q13 

Q14 

Q16 

Units 

Reverse  saturation,  Is 

16.  6 

16.  6 

25.  0 

33.  0 

< 

eg 

i 

o 

Resistance,  RgH 

45.  7 

45.  7 

30.  5 

22.  8 

n 

Capacitance,  CgH 

0.  34 

0.  34 

0.  52 

0.  68 

PF 

Figure  16  shows  the  Schottky  diode  model  used  for  simulation. 
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aO 


Figure  16.  Schottky  Diode  Model 


RESISTOR  DESIGN 

As  explained  in  the  Appendix,  there  are  two  base  resistivities,  high-p  and 
low-p.  In  addition,  there  is  an  emitter  resistivity  used  for  output  current- 
limiting  resistors.  Each  type  has  its  own  characteristics  which  influence 
how  actual  resistor  values  are  obtained. 


High-p  Resistors 


A typical  high-p  implanted  resistor  is  shown  in  Figure  17.  The  resistance 
is  largely  determined  by  the  length,  x,  of  the  high-p  implant  region.  To 
calculate  the  actual  resistance,  the  final  length  (x  - Ax)  and  width,  W + AW, 
must  be  determined.  The  end  effects  cannot  be  ignored.  A contact  re- 
sistance and  end  resistance  factor  due  to  the  low  p diffusion  must  be  ac- 
counted for.  The  number  of  squares  of  bulk  high-p  resistance  is  given  by: 


n _ X - Ax 
D - W + AW 

The  bulk  resistance,  R^,  is  given  by 


Rfa  = 500  x □ 


(x  - Ax) 
500  WTIW 


The  contact  resistance  per  end  ip  given  by  ^ — j-  , where  l is  the  length 

c c 

of  the  contact  after  oxide  cut. 


56 


(l  50. 

The  low  p resistance  per  end  is  given  by  — Q,  where  is  the  spacing 
from  contact  edge  to  low-p  diffusion  edge,  and  Wj  is  the  same  as  W + AW. 


Ax  = Aw  = 1.0  MASK 

0.5  PHOTO  PROCESS  (NITRIDE) 

+ 1.4  DIFFUSION 

2.9  it 

AL  = 1.0  MASK 

2. 1 PHOTO  PROCESS  (OVERLAY  MASK) 
+ 1^4  OUT  DIFFUSION 

4.5  it 

L'  = x+2(3  + 3 + 2) 

Figure  17.  High-p  Resistor  Layout 


Therefore: 


r - cop  (x  - Ax)  o f~125  li  1 
RT  500  (W  + AW)  2 77  + 50  W7 

L C 1 

The  equation  for  capacitance  of  a resistor  is  given  by: 
C = 4.  8 x 10"4  * A pF 

2 

where  A is  the  total  junction  area  in  n and  is  given  by: 
A = LW  + 2(1.  1)  [L  + W] 
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where 


L = Total  diffusion  length  = Layout  dimensions  + AL 
W = Total  diffusion  width  = W + AW 
1.1  = Junction  depth 

Alternately,  L is  calculated  as  x + 2(8  + ^). 

To  calculate  Ax,  consider  the  base  oversize  mask  and  low  p: 

Ax  = 1.0  mask  size  change 

+ 0.  5 photo  process  size  change 
+ 1.4  out  diffusion  both  sides 


Therefore,  Ax  = 2.9. 

To  calculate  AW,  consider  the  nitride  mask,  and  high  p: 

AW  = 1.0  mask  size  change 

+ 0.  5 photo  process  size  change 
+ 1.4  out  diffusion  both  sides 

Therefore,  AW  = 2.  9. 

To  calculate  lc,  the  final  contact  width,  sum  up  these  dimensions: 
6.  0 layout 

+ 1.0  nominal  mask  change 
+ 2.  0 photo  process  change 

Therefore,  l * 9.  0 p. 
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To  calculate  AL,  take  the  sum  of  the  size  changes  for  L,  determined  by  both 
the  nitride  and  oversize  masks: 

1.  0 mask  size  change 
+ 2.1  photo  process  change  on  nitride. 

+ 1.4  out  diffusion  for  both  ends 

Therefore,  AL  = 4.  5 n. 

To  calculate  ly  the  spacing  between  the  contact  and  the  low-p  diffusion  edge, 
we  must  calculate  the  relative  feature  edge  shifts. 

3.  0 = layout  spacing 
-1.5  = contact  edge  change,  one  side 
+ 1.45  = low-p  edge  change,  one  side 

Therefore,  = 2.  95  p.. 

We  can  now  calculate  the  resistance  and  capacitance  for  a given  layout.  For 
the  FOTIC  design,  a layout  width  of  10  was  used.  Thus,  the  total  resistance 
is: 


„ _ (x  - 2.  9)  . „ T 125  . 2.  95  C/J 

rt  " 500  " 1279-  + 2 1-5- + TO’  50J 

Rt  = 38.76  (x  - 2.  9)  + 50.64 

Therefore,  starting  with  the  resistor  value,  the  layout  dimension  x can  be 
determined  by: 

Rt  - 50.  64 

x = 38.76  + 2*9 
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The  spacing  -tj  was  incorrectly  estimated  to  be  2.  0 p,  so  the  resistance 
listed  in  Table  21  was  calculated  from  this  equation: 

Rt  - 43.  2 

x = 38.  76  + 2* 9 

The  capacitance  is  now  determined  from  the  layout  dimensions: 

C = 4.  8 x 10“4  [(x  + 2(8)  + 4.  5)  (12.  9)  + 2.  2(x  + 20.  5 + 12.  9)3 
= 4.  8 x 10'4  C 15.  1 (x  + 20.  5)  + 28.  38] 

= 0.  00725  (x  + 20.  5)  + 0.  0136  pF 

The  length  AL  was  incorrectly  estimated  to  be  2.  9,  so  the  capacitance  listed 
in  Table  21  was  calculated  from  this  equation: 

C = 0.  00725  (x  + 18.  9)  + 0.  0136  pF 


Low-p  Resistors 

A typical  low-p  resistor  is  shown  in  Figure  18.  The  resistance  is  deter- 
mined by  the  number  of  squares  of  resistance  plus  contact  resistance.  The 
final  length,  x - Ax,  and  width,  W + AW,  will  be  calculated  from  the  Ax  and 
AW  shown  in  Figure  18. 

• IT'e  number  of  squares  is  ^ ' 

• The  bulk  resistance  is  50  +' Aw)  * 

• The  contact  resistance  is  2 x * 

c c 

where  Wc  is  the  layout  width  of  the  contact  and  AWc  = 3 p is  the  total  size 
change  of  the  contact. 
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NITRIDE  MASK 


■OVERSIZE  BASE 
MASK 


Ax  =1.0  MASK 

+2.0  PHOTO  PROCESS  (CONTACT) 

3.0m 

Aw  =1.0  MASK 

2. 1 PHOTO  PROCESS  (NITRIDE  AND  OVERLAY) 

1.4  OUT  DIFFUSION 

4.5m 

AL  = Aw 

W = w + Aw 

L'  = x + 2(3  + 2)=  x+ 10 

Figure  18.  Low-p  Resistor  Layout 


The  capacitance  is  calculated  for  low-p  resistors  from 

C = C • A 
o 

where 

CQ  = 4.  8 * 10"4  pF/p2 
A = (L  + W)  + 2(1.  1)  (L  + W) 

where 

L = x + 10  + AL 

and 

W*w  + aWww  + 4.  5 
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The  resistance  and  capacitance  for  20 -h- wide  resistors  and  10-p-wide  re- 
sistors will  be  calculated  as  a function  of  the  layout  length,  x.  The  20 -p. 
resistors  must  carry  much  more  current  than  the  10-p-wide  resistors. 

For  w = 20: 


n . (x  - 3)  ,2  (125) 
R ‘ 50  20  + 4.  5 + WTT 


R = 2.  0408(x  - 3)  + 13.  16 


Starting  with  the  resistor  value,  the  layout  dimension  is  calculated: 

v - r 13- 16  . - « 

" R " 2.  0408  3,0 

Tlie  capacitance  for  20- p resistors  is  C2q! 

C2Q  = 4.  8 x 10'4  C(x  + 10+4.  5)(24.  5)  + 2(1.  l)(x  + 14.  5 +24.  5)] 
C9n  = 0.  012816(x  + 14.  5)  + 0.  02587 


For  w >*  10  p: 


* - 


R = 3.  448(x  - 3)  + 27.78 


Therefore, 

R - 27.78 
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The  capacitance  for  10-p-wide  resistors  is 

C = 4.  8 x 10"4  [(x  +10+4.  5)(14.  5)  + 2(1.  l)(x  + 14.  5 +14.  5)] 

C = 4.  8 x 10"4  [x  + 14.  5)  + 16.  7 + 31.  9] 

C = 0.  00802(x  + 14.  5)  + 0.  0153 

A typical  emitter  (n+)  resistor  is  shown  in  Figure  19.  The  resistance  is 
determined  by  the  number  of  squares  of  n+  between  the  contacts  and  the 
contact  resistance. 


NOTE:  BASE  NITRIDE  FEATURE  DESIGNED  TO  COLLIDE  WITH  SCALE:  1000» 

ISOLATION  AFTER  DIFFUSION. 

Figure  19.  n+  Resistor  Layout 


Hie  number  of  squares  is  given  by: 


Therefore,  the  bulk  resistance  is: 


R = in  ~ Ax> 
d 10  W + AW 


The  contact  resistance  is  given  by 


R _ 125  flu  _ 125  . , , n 

end  W + 3 " 23.  5 ~ 5'  3 n 


nd  Wc  + 3 23.  5 

D _ (*  * 3)  , c O 
R ■ T775"  + 5' 3 


where 


x = (R  - 5.  3)  2.  72  + 3 


The  capacitance  of  the  emitter  resistor  is: 


CBE  = 2*  8 x 10  [de  ' le  + 2(0-  9)(d-  + PF 


e e 


dg  = 24.  5 + 2.  7 = 27.  2 


i = 221  + 2.  7 = 224.7 


Therefore,  C,,.-,  = 18.3  pF. 


Table  21  is  a summary  of  the  values  and  sizes  calculated  using  the  preceding 
design  information. 


RESISTOR  MODELS 


Model  for  Resistors  in  Common  Epi 

The  model  for  a resistor  in  a common  epi  boat  is  shown  in  Figure  20.  The 
cross  section  shows  the  resistor  boat  tied  to  the  most  positive  point  in  the 
circuit.  The  distributed  capacitance  of  the  pn  junction  is  lumped  with  half 
at  each  end. 


Figure  20.  Model  for  Resistor  in 
Common  Epi 


Model  for  Resistors  Individually  Isolated 


The  model  for  a resistor  in  its  own  epi  boat  is  shown  in  Figure  21.  The 
cross  section  shows  the  boat  tied  to  the  positive  end  of  the  resistor.  The 
distributed  capacitance  is  placed  in  parallel  with  the  resistor. 


SECTION  VI 

TESTING  AND  PACKAGING 


FOTIC  TEST  PLAN 

The  purpose  of  a test  plan  is  to  describe  a device's  performance  character- 
istics in  such  a way  that  an  automatic  tester  can  be  programmed  to  test  the 
device  to  ensure  that  it  will  operate  as  specified.  The  test  plan  must  be 
usable  for  testing  devices  in  both  of  their  primary  forms,  which  are  wafers 
and  packages. 

The  FOTIC  devices  were  tested  three  times  before  shipping.  First,  the  de- 
vices were  tested  in  wafer  form  to  select  those  die  to  be  packaged.  Because 
the  die  must  be  probed  to  make  electrical  contact  when  they  are  in  wafer 
form,  long  lines  to/from  the  tester  limit  the  type  of  test  that  can  be  made. 
D-C  conditions  only  are  tested  when  the  device  is  in  wafer  form.  Figure 
22  shows  the  probe  pad  configuration  with  corresponding  labeling.  Only  the 
numbered  pads  were  actually  probed  by  the  automatic  tester.  The  other 
smaller  pads  were  probed  in  the  lab  to  verify  the  design.  The  a-c  type  tests 
are  made  on  packaged  die  only,  because  the  input  and  output  impedances  can 
be  controlled  relatively  easily. 

The  second  time  the  FOTIC  devices  were  tested  was  after  they  were  pack- 
aged and  the  environmental  screens,  except  burn-in,  had  been  performed. 
(See  Table  22. ) At  that  time,  all  d-c  and  a-c  tests  were  performed  to  select 
the  devices  to  be  burned  in.  After  burn-in,  the  devices  were  tested  a third 
and  final  time  just  prior  to  shipping. 

The  following  test  plan  is  implemented  on  an  automatic  tester  that  was  usee 
as  described  above.  It  contains  d-c  tests  (1  through  119)  and  a-c  tests 
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(120  through  143).  In  addition,  two  sets  of  d-c  tests  are  intermingled,  one 
for  the  8-pin  TO-99  package  that  must  use  external  discrete  load  resistors 
and  one  for  the  14-pin  DIP  that  uses  on-chip  resistors.  A description  of 
the  tabulated  test  information  (Table  22)  is  provided  to  explain  the  purpose 
of  each  test  and  to  make  it  easier  to  correlate  the  test  plan  to  the  device 
specification  and  the  analysis. 


Figure  22.  FOTIC  Probe  Pad  Locations 


Notes  for  Table  1 (Test  Plan  Listing) 

Note  l--For  "150-mA  load,"  connect  all  three  on-chip  resistors  (R10>  Rn> 
and  R12)  to  ground  for  wafers  and  DIPs.  For  TO- 99s,  use  ^External  = 

12. 06  0. 
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TABLE  22.  TEST  PLAN  LISTING  FOR  DEVICE  NO.  2144,  FIBER  OPTIC 
TRANSMITTER  INTEGRATED  CIRCUIT  (FOTIC) 


UJ 
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V 

mA 

mA 

mA 

mA 

mA 

>r  24 

!5 

25 

24.  or 

24.  or 

24.  or 

24.  or 

24.  or 



n 

\ 

Max 

1 0 

200 

190 

200 

70 

55 

70 

50 

50 

50 

21  71 

21  44 

22  94 

37  95 
3f>  46 
3G  46 

'able  23 

e Tabic 
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25 

bles  23. 
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25 
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TABLE  22.  TEST  PLAN  LISTING  FOR  DEVICE  NO.  2144,  FIBER  OPTIC 
TRANSMITTER  INTEGRATED  CIRCUIT  (FOTIC)  — CONTINUED 


105  High  state  2.4V 

input  MC 

current 


Note  2- -When  three  limit  values  are  given,  the  top  one  is  for  -55X1,  the 
next  for  25X1,  and  the  bottom  for  150X1  junction  temperature  (T^). 

Note  3 --For  tests  18  through  89,  the  current  inC^g  is  measured  for  all 
combinations  of  two  inputs  and  two  supply  voltages.  Test  18  through  35 
must  be  repeated  four  times.  Limits  are  shown  in  Table  23  for  wafers  and 
14-pin  DIPs. 


TABLE  23.  OUTPUT  CURRENT  LIMITS  FOR  ON-CHIP  RESISTORS 


Note  4--Tests  18  through  89  should  be  replaced  with  new  limits  from  Table 
24  for  external  current -setting  resistors  used  for  TO-99  packages.  Table 
24  also  specifies  the  resistor  values  to  be  used. 


Note  5- -The  voltages  on  the  emitters  of  Q10  and  Q5  should  be  measured  and 
logged  for  parameter  distributions,  at  each  supply  voltage  and  temperature. 
The  limits  are  given  in  Table  25. 
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TABLE  24.  OUTPUT  CURRENT  LIMITS 
FOR  EXTERNAL  RESISTORS 


External 
Resistor,  fi 

Limits 

Units 

25  °C 
(±8%) 

+150®C 
(±10%  ) 

73.  12 

25 

22.6 

28.75 

mA 

36.  45 

50 

45.2 

57.50 

mA 

24.  25 

75 

67.  8 

86.25 

mA 

18.  15 

100 

90.4 

115.00 

mA 

14.50 

125 

113.0 

143.75 

mA 

12.06 

150 

135.  6 

172.50 

mA 

TABLE  25.  VOLTAGE  AT  EQin  AND  EQ_ 

iu  o 

FOR  DATA  COLLECTION 


Limits 

Temperature 

ro 

EQ1q  (Volts) 

(±15%) 

EQ5  (Volts) 

(±15%) 

Minimum 

Nominal 

Maximum 

Minimum 

Nominal 

Maximum 

- 55 

1.429 

1.681 

1.  933 

1.433 

1.686 

1.  939 

+ 25 

1.580 

1.859 

2. 139 

1.593 

1.875 

2. 156 

+125 

1.764 

2.075 

2.  386 

1.796 

2. 113 

2.430 

i 
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Note  6 --The  RExt  = 18.  15  n for  TO-99s  from  EQ1Q  to  GND. 

Note  7--Test  at  4.  5V  and  5.  5V  at  -55°,  +25°,  and  +125^.  The  first  test  is 
used  to  normalize  the  voltage  swing. 

Note  8- -The  pin  numbers  shown  at  the  top  of  each  column  are  for  14-pin 
DIPs.  The  TO- 99  packages  and  wafers  have  different  pin  configurations. 

Note  9-- 

MC  = Measure  Current 
MV  = Measure  Voltage 


Tests  1 Through  12,  Probe  Contact/Pin  Continuity 

There  are  12  probe  pads.  The  test  consists  of  tying  all  pads  to  ground,  ex- 
cept one,  and  forcing  ±1  mA  through  that  one.  A test  limit  of  |l.  0|  volt  will 
exceed  one  diode  drop  to  ground  over  the  temperature  range. 

Note:  Force  1 mA  into  each  pin,  to  ground,  one  at  a time.  Limit  the 
supply  to  5V.  Measure  < IV. 


Test  13,  Worst-Case  Supply  Current 

This  tests  for  the  maximum  supply  current  with  a 150-mA  nominal  load,  and 
includes  both  IC  biasing  current  and  the  LED  driver  current  in  the  collector 
of  Q10.  To  set  the  current  for  wafers  and  14-pin  DIPs,  use  the  three  on- 
chip  resistors.  Use  an  external  resistor  = 12.  06  0 for  TO-99  packages. 
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Note:  V = +5.  5V.  V,=Vo  = 2.40V. 

00  12 

RIO,  Rll,  R12  to  ground.  Cq^  to  Vcc  directly. 
Limit  < 200  mA  at  -55^0  and  +1259C,  190  mA  at  25^0. 


Tests  14  and  15,  Maximum  Supply  Overvoltage, 

Inputs  High/ Low 

The  chip  is  required  to  withstand  7 V,  but  not  necessarily  operate  there.  To 
minimize  total  chip  power,  the  output  stage  will  be  biased  using  the  highest 
value  load  resistor,  RIO.  Apply  7V  to  Vcc  and  6V  IoCq^q.  Failure  of  the 
part  would  cause  the  supply  current  to  increase  considerably.  Measure  the 
current  in  ground.  See  Table  26. 


TABLE  26.  MAXIMUM  SUPPLY  OVERVOLTAGE 


Temperature 

(°C) 

On-Chip  Resistor 
to  Ground 

TO- 99  Package 
External 
Resistor  Value 

Limit  with 
Inputs  = 2.  4V 
(Test  14) 

Limit  with 
Inputs  = GND 
(Test  15) 

- 55 

RIO 

73. 120 

70  mA 

50  mA 

+ 25 

R10 

73. 120 

55  mA 

50  mA 

+125 

RIO 

73. 120 

70  mA 

50  mA 

Tests  16  and  17,  Maximum  Chip  Current 
(I  ),  Inputs  High/ Low 

These  tests  are  for  the  maximum  current  from  the  power  supply,  excluding 
the  LED  (collector  of  Q10)  current.  Bias  Cqjq  to  4.  3V.  Test  for  both  in- 
put states  using  0.  4 and  2.  4V.  Set  V = 5.  5V.  Connect  all  internal  resis- 

cc 

tors  (RIO,  Rll,  and  R12)  to  ground  or  use  a 12.  06-Q  external  resistor  for 
TO- 99s.  See  Table  27. 


TABLE  27.  MAXIMUM  CHIP  CURRENT 


Temperature 

<°C) 

Limit  with 
Inputs  = 2 . 4 V 
(Test  16) 

Limit  with 
Inputs  = GND 
(Test  17) 

Units 

- 55 

21.71 

37.  95 

mA 

+ 25 

21.44 

36.  46 

mA 

-125 

22.94 

36.  46 

mA 

Tests  18  Through  89,  Output  High  State  Current 
and  Voltage  Levels 

The  output  high  state  current  is  tested  for  each  of  the  programmable  current 
steps  from  25  mA  to  150  mA  using  the  on-chip  resistors  or  external  resis- 
tors for  TO- 99s.  A guard  band  (±2  percent)  is  placed  on  the  room  tempera- 
ture test  value  to  ensure  good  yield  over  the  temperature  range.  The  test 
described  using  an  external  resistor  is  for  the  TO- 99,  since  the  output  can 
be  tested  using  an  external  resistor  only.  The  worst-case  logic  "l"  input 
voltage  is  used  to  assure  worst-case  output  current.  See  Table  28. 

Table  23  shows  the  output  limits  for  various  resistor  connections.  Since 
there  are  two  inputs  and  the  limits  must  be  checked  at  two  supply  voltages, 
tests  18  through  35  must  be  repeated  four  times. 

Table  24  shows  the  limits  which  apply  when  an  external  resistor  is  used. 
Since  the  resistor  is  constant  over  the  temperature  range,  the  limits  have 
been  adjusted  and  the  nominal  value  is  given. 
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TABLE  28.  OUTPUT  HIGH  STATE 
VOLTAGE  LEVELS 


Temperature 

rc) 

ON  Input  Level 
(V) 

+25 

1.  84 

-55  or  +125 

- - 

2.0 

Note:  Set  the  other  input  at  2.  4V  for  all 
cases.  The  collector  of  Q10  is 
biased  at  3.  8V. 


Table  25  gives  the  voltages  at  the  emitters  of  Q10  (Eq1Q)  and  Q5  (Eq,.)  to 
be  tested  for  data  collection. 


Test  90,  Low-Level  Output  "Off"  Current 

This  test  is  to  be  made  with  both  inputs  low  at  0.  4V.  The  output  current  is 
measured  with  Cq1Q  biased  at  4.  3V,  Vcc  to  5.  5V.  Use  external  resistor  = 
73.  12  n or  connect  on-chip  resistor,  RIO,  to  ground.  See  Table  29. 

TABLE  29.  LOW-LEVEL  OUTPUT 
OFF  CURRENT 


Minimum 


Maximum 


Units 


Test  91,  Pipes 


Turn  QlO  off  by  applying  OV  to  the  base.  This  test  looks  for  pipes  from 
emitter  to  collector.  See  Table  30. 


TABLE  30.  TEST  FOR  PIPES 


Limits 

Temperature 

(cC) 

Minimum 

Maximum 

Units 

+25  and  -55 

0 

40 

pA 

+125 

0 

50 

pA 

Tests  92  and  97,  Input  Clamp  Voltage 

The  inputs  are  tested  for  clamping  of  negative  signals.  With  the  supply  volt- 
age. VCC'  at  4-  5V,  and  one  input  at  ground,  force  -12  mA  into  the  other 
input.  Do  this  for  both  inputs. 

Limits:  -1.  2V  at +25°„  -55°,  and  +125<€. 

Tests  93  Through  96  and  98  Through  101,  Data  Collection 

These  tests  are  for  data  collection.  Test  at  10  mA,  1 mA,  100  pA,  and  10 
pA  and  measure  the  Schottky  voltage  on  each  input. 
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Tests  102  and  103,  Maximum  Voltage  Input  Current 


Each  input  is  set  to  5.  5V  while  the  other  is  at  ground.  The  Vcc  supply  should 
be  set  at  5.  5V.  Measure  the  input  current.  Do  this  for  both  inputs. 

Note:  Ij  < 1.0  mA  at  all  temperatures. 


Test  104,  Leakage  Current  of  Input  Transistor 
Tie  both  inputs  to  +5.  5V  and  measure  the  input  current. 
Note:  Ij  < 1.0  mA  at  all  temperatures. 


Tests  105  and  106,  High  State  Input  Current 

One  input  is  set  at  2.  4V  and  tested  for  input  current  with  the  other  input 
grounded.  Both  inputs  are  to  be  tested.  See  Table  31. 


TABLE  31.  HIGH  STATE  INPUT  CURRENT 


Temperature 

TC) 

Maximum  Limit 

Units 

+25 

35 

pA 

-55  and  +125 

40 

pA 
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Tests  107  and  108,  Low  State  Input  Current 


Each  input  is  set  at  0.  4V,  one  at  a time,  with  the  other  input  at  2.  4V.  The 
current  that  the  0.  4V  supply  must  sink  is  measured.  V =5.  5V.  See 
Table  32.  CC 


TABLE  32.  LOW  STATE  INPUT  CURRENT 


Temperature 

Maximum  Limit 

Units 

(°C) 

+25 

-1,36 

mA 

-55  and  +125 

-1.  60 

ma 

Tests  109  and  110,  Input  Breakdown  at  1 mA 

Each  input  is  tested  one  at  a time  with  the  other  grounded.  +1  mA  is  applied 
and  the  breakdown  voltage  measured.  The  limit  is  s 5.  5V  over  the  tempera- 
ture range. 


Tests  111  and  112,  Input  Threshold 

Each  input  is  tested  by  applying  a voltage  ramp  to  the  input  under  test.  The 
other  input  is  at  2.  4V.  Record  the  voltage  at  which  the  gate  switches.  The 
gate  switches  when  the  current  in  R10  tied  to  ground  or  a 73.  12  Q external 
resistor  reaches  1 mA.  See  Table  33. 


82 


— 12'  ' " ■ ’ ‘'External 

12. 06  n. 


69 


TABLE  33.  INPUT  THRESHOLD 


Temperature 

(°C) 

Limits 

Minimum 

Maximum 

u tuts 

+25 

1.0 

1.  8 

V 

-55  to  +150 

0.8 

2.0 

V 

Tests  113  Through  116,  Collectors  of 
Differential  Amplifier 

The  output  terminals  of  the  differential  amplifier  are  tested  for  both  states 
of  the  input  gate.  See  Table  34. 


TABLE  34.  DIFFERENTIAL  AMPLIFIER 
OUTPUT  TERMINALS 


V 

a 

a 

Parameter 

Q8 

G, 

>9 

Units 

Minimum 

Maximum 

Minimum 

Maximum 

Both  Inputs  2.  4V 

3.  48 

4.55 

2.  45 

2,93 

V 

Both  Inputs  0V 

2.  90 

4.35 

0.20 

0.  43 

V 

aAU  temperatures. 


Tests  117,  118,  and  119,  Values  of  RIO,  Rll,  R12 

The  internal  load  resistors  are  tested  by  applying  2V  to  Eq1q  and  measuring 
the  current  through  each  resistor  to  ground.  The  resistance  is  calculated. 
See  Table  35. 
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TABLE  35.  VALUES  OF  RIO,  Rll,  R12 


Resistor 

Minimum3, 

Maximum3 

Units 

R10 

65.2 

79.6 

o 

Rll 

33. 1 

40.  4 

n 

R12 

22.  1 

27.0 

a 

aAt  +25  °C. 

Dynamic  Tests  (Tests  120  Through  143) 

These  tests  are  to  be  measured  on  packaged  parts  only.  An  external  50-fi 
load  is  to  be  used  to  match  the  equipment  impedance  (for  both  14 -pin  DIPs 
and  TO-99s). 

Delays  are  measured  between  50  percent  points;  rise  and  fall  times  between 
10  percent  and  90  percent  points.  Thus,  the  data  should  be  normalized  to 
calculate  these  points,  rather  than  testing  to  absolute  levels.  Input  pulse 
has  a rise  time  of  5 ns  and  a minimum  width  of  40  ns.  See  Table  36. 

TABLE  36.  DYNAMIC  TESTS 


Test 

No. 

Parameter 

+25 °C  at  5V 

-55  °C  and  +125  °C 
at  4.  5V 

Units 

120 

Normalized  test 

--- 

--- 

— 

121 

T^,  rise  time 

6.0 

7 

ns 

122 

TF,  fall  time 

8.0 

10 

ns 

123 

Tp.  , delay  low  to  high 
UIM 

10.0 

15 

ns 

124 

T„  , delay  high  to  low 
UHL 

10.0 

15 

ns 

125 

T ■ (td  " Td  > 

ULH  UHL 

3.5 

5 

ns 

Note:  Test  125  is  a calculation  to  be  sure  the  two  delays  meet  the 
specification  for  matching.  The  sequence  Is  tested  at  5.  5V 
for  each  input  aVid  at  4. 5V  for  each  input.  Switch  the  inputs 
between  0, 4 and  2.  4V. 
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FOTIC  BURN-IN  PLAN 

The  burn-in  specification  is  Mil-Std-883,  Method  1015,  Condition  B.  This 
standard  states  that  the  parts  shall  undergo  at  least  168  hours  (7  days)  of 
125*0  ambient  temperature  under  active  conditions.  The  object  of  the  burn- 
in  is  to  temperature-stress  the  parts  to  "weed"  out  the  early  failures  due  to 
marginal  junctions,  wi  *e  bonds,  etc. 

The  overall  block  diagram  of  the  burn-in  setup  is  shown  in  Figure  23.  The 
logic  board  designed  to  operate  the  parts  during  ^urn-in  is  shown  in  Figure 
24  and  the  device  board  wiring  diagrams  for  the  14-pin  DIP  and  TO- 99  are 
shown  in  Figures  25  and  26. 

On  each  device  burn-in  board  there  are  120  devices,  20  columns  by  6 rows. 

Since  the  inputs  to  the  FOTIC  are  TTL,  only  10  FOTICs  can  be  driven  from 

g 

a standard  TTL  gate.  This  requres  that  there  be  24  driver  gates  (see  Figure 
23).  An  open  collector-type  driver  was  used  so  that  the  inputs  to  the  FOTIC 
would  see  the  maximum  voltage  transition  (Vcc  to  gnd)  that  they  would  be 
subjected  to  under  worst-case  operating  conditions. 

The  SN5473  JK  flip-flops  were  used  for  two  reasons.  First,  the  driver  gate 
inputs  had  to  be  necked  down  so  that  the  TTL  load  presented  to  the  square- 
wave  generator  was  minimum.  Each  side  of  the  flip-flop  drives  six  gates, 
and  necks  down  the  1-kHz  generator  load  to  2.  Second,  the  inputs  to  the 
FOTIC  needed  to  be  interchanged  for  the  worst-case  active  condition.  One 
of  the  FOTIC  inputs  is  normally  enabled  at  a constant  high  input  while  the 
other  input  receives  the  changing  signal.  The  inputs  Ij  and  I2  are  completely 
equivalent  to  each  other,  so  either  can  act  as  the  signal  input  under  normal 
operating  conditions.  The  inverter  driving  one  of  the  flip-flops  (while  not 
really  necessary)  was  used  to  keep  half  of  the  FOTIC's  enable  inputs  op- 
posite of  the  other  half  (i.e. , one  ha1!  uses  Ij  as  enable  while  the  other  half 

o 

Both  FOTIC  inputs  could  have  been  tied  together  and  driven  as  one  TTL 
load,  but  for  worst -ca_e  operation,  each  input  is  driven  individually. 
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MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BUREAU  OF  STANDARDS- 1963-A 


LOGIC  BOARD 


100- kHz 
GENERATOR 


1-kHz 

GENERATOR 
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Figure  23.  Burn-In  Se 
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14-Pin  DIP  Device  No.  2144  Burn-In  Circuit 


30  mA 


Figure  26.  8-Pin  TO-99  Device  No.  2144  Burn-In  Circuit 


uses  Ig  as  the  enable).  The  remaining  inverters  (SN5404)  were  used  to 
neck  down  the  loading  so  the  100-kHz  generator  sees  only  one  TTL  load. 
The  idea  of  the  control  logic  is  to  switch  each  FOTJC's  output  at  a 100-kHz 
rate  while  its  inputs  are  interchanged  at  a 1-kHz  rate. 


FOTIC  QUALIFICATION  PLAN 

The  FOTIC  qualification  plan  is  written  around  Mil-Std-883  and  is  detailed 
in  Table  37. 

PACKAGING 

The  FOTICs  were  packaged  in  two  types  of  packages:  14-pin  DIP  (Figure 
27)  and  8-pin  TO-99  (Figure  28).  Both  packages  are  standard,  available 
types,  and  required  no  special  fixturing  or  new  development. 

During  the  testing  of  the  sample  parts,  many  bonding  configurations  were 
attempted,  to  determine  the  effects  of  floating  or  grounding  the  die  bond  area". 
It  was  determined  that  best  performance  was  achieved  when  the  die  bond  area 
(TO-99  header,  14-pin  DIP  cavity)  of  the  package  was  connected  to  ground 
at  the  package  pin  used  for  external  ground.  The  TO-99  header  and  cap  both 
get  tied  to  ground,  but  the  14-pin  DIP  lid  was  floated.  During  testing,  no 
difference  in  performance  was  observed  between  the  lid  connected  to  ground 
or  floating. 

Because  of  the  relatively  high  currents  that  can  flow  through  the  output 
transistor  emitter  and  collector,  double  bond  wires  were  used  (Figures  29 
and  30). 
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TABLE  37.  FOTIC  QUALIFICATION  PLAN 


Group/ Subgroup 

Method 

Condition 

LTPD 

• Group  A: 

Do  all  per  883,  Method  5005. 3 Lot  Tolerance  I 

Percent  Defective  (LTPD)  * 

10  all  subgroups 

• Group  B: 

Subgroup  1.  Physical  Dimensions 

2016 

2/0 

Subgroup  2.  a)  Resistance  to  solvents 

2015 

3/0 

b)  Internal  visual  and  mechanical 

Delete 

c)  Bond  strength  (post-seal) 

2011 

1.  5 gm 

3/0 

Subgroup  3.  Solderability 

2003 

15 

• Group  C: 

Subgroup  1.  Operating  life 

1005 

+125 °C 

10 

1000  hr 

Subgroup  2.  Temperature  cycle 

C 

15 

Constant  acceleration  (Yj  only) 

D 

Seal  - Fine 

Gross 

1014 

Electrical  end  points 

• Group  D: 

1 

Subgroup  1.  NO 

Subgroup  2.  Lead  integrity 

E5 

B2 

2/0 

Seal  - Fine 

mSM 

Gross 

1014 

Subgroup  3.  Thermal  shock 

1011 

B 

15 

Temperature  cycle 

1010 

C 

Moisture  resistance 

1004 

Seal  - Fine 

1014 

Gross 

1014 

Electrical  end  points 

Subgroup  4.  Mechanical  shock 

2002 

B 

15 

Vibration,  variable  frequency 

2007 

A 

Constant  acceleration 

2001 

E (Yj  only) 

Seal  - Fine 

1014 

Gross 

1014 

Electrical  end  points 

Subgroup  5,  Salt  atmosphere 

Delete 
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SAME  AS  JEDEC  TO-99  EXCEPT  FOR  STANDOFF  DIAMETER 


COVER 


1)  FINISH:  GOLD  PLATE,  80  MICROINCHES  (MINIMUM)  OVER  ALL 

HEADER  SURFACES  BY  BETA  METHOD. 

2)  COVER  MATERIAL:  0.012  GRADE  A NICKEL,  TYPE  200. 

3)  MATERIAL:  BASE  AND  PINS  - KOVAR. 

4)  GLASS  FEED-THROUGHS  TO  BE  OPAQUE. 

5)  WIRE  BOND  SURFACE  FLAT  WITHIN  0.001  FOR  0.012  DIA.  MIN. 


Figure  28.  8-Pin  TO-99  Can 


0 PINS  4,5,12  REQUIRE  2 EACH  1-MIL  GOLD  WIRES. 
0 DO  NOT  BONO  TO  THESE  PADS. 

0 CONNECT  CHIP  PAD  (SUBSTRATE)  TO  PIN  12. 


Figure  29.  14 -Pin  DIP  Bonding  Diagram 


4 


ILLUSTRATED  LOCATION  OF  DIE 
IDENTIFICATION  NO.  2144 


< T > PINS  3,4,8  REQUIRE  2 EACH 
1-MIL  GOLD  WIRES. 

SDO  NOT  BOND  TO  THESE  PADS. 

CONNECT  HEADER  (SUBSTRATE) 

TO  PIN  8. 

Figure  30.  8- Pin  TO- 99  Bonding  Program 


Although  the  ground  lead  wire  bond  only  carries  the  relatively  small  chip 
current  and  not  the  LED  current,  double-wire  bonds  were  used  to  reduce 
the  inductance  because  the  switching  rate  is  quite  fast  in  the  TTL  gate  por- 
tion of  the  FOTIC. 
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SECTION  VII 
TEST  RESULTS 


Extensive  testing  of  26  FOTIC's  in  14-pin  DIP  packages  was  performed. 
The  data  indicate  that  the  devices  meet  all  specifications. 


DEVICE  CURRENTS 

Three  currents  were  recorded. 

The  total  current,  ICcmax'  includes  the  output  current  set  at  the  150-mA 
position.  The  average  value  is  the  average  of  the  26  different  device  read- 
ings taken  at  25°C  with  V = 5.  5V,  I-  = I„  = 2,  4V: 

CC  1 2 

• Average  value  Iccmax  = 168-  2 ^ 

• Largest  value  Iccmax  = 170-  8 

• Smallest  value  Iccmax  = 166  2 mA 

The  ON  current,  Iqj^,  excludes  I^ED'  ®a*a  were  taken  at  three  tempera- 
tures with  Vcc  = 5.  5V,  Ii  = I2  = 2,4V.  Results  are  presented  in  Table  38. 


TABLE  38.  "ON"  CURRENT  TEST  RESULTS 


Parameter 

-55°C 

+25°C 

+125-C 

Units 

Average  value,  Iqn 

17.  32 

18.  34 

20.  7 

mA 

Largest  value,  IQN 

18.  08 

18.  89 

21.  5 

mA 

Smallest  value,  L~XT 
ON 

16.  60 

17.  88 

20.  0 

mA 
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The  OFF  current,  Iqff*  includes  ILED-  Data  were  teken  under  the  same 
conditions  as  for  ION.  Results  are  presented  in  Table  39. 


TABLE  39.  "OFF"  CURRENT  TEST  RESULTS 


Parameter 

-55“C 

+25aC 

+125°C 

Units 

Average  value,  IqFF 

29.2 

31.  74 

32.  2 

mA 

Largest  value,  IQFF 

30.  0 

32.  56 

32.  9 

mA 

Smallest  value,  IQFF 

28.  4 

31.  43 

31.4 

mA 

INPUT  CURRENTS 

Two  input  currents  were  measured  for  each  input  at  two  temperatures. 

For  the  input  low  "0"  state  current  measurement,  V =5.  5V,  and  the 

cc 

measured  input  was  held  at  0.  4V  with  the  other  input  at  2.  4V.  The  two  in- 
puts were  then  reversed  and  the  measurement  repeated.  Results  are  pre- 
sented in  Table  40. 


TABLE  40.  INPUT  CURRENT  TEST  RESULTS 


Parameter 

-55°C 

+125°C 

Units 

Average  value 

Ij  « 0.4V,  I2  - 2.4V 

Ij  - 2.  4V,  12  * 0.  4V 

1.106 

1.  103 

0.  893 

0.  889 

mA 

mA 

Largest  value 

lj  = 0.4V,  12  ■ 2.4V 

Ij  = 2.4V,  l2  * 0.4V 

1.  186 

1. 182 

0.  923 

0.  920 

mA 

mA 

Smallest  value 

Ij  = 0.4V.  I2  = 2.4V 

Ij  = 2.4V,  I2  = 0.4V 

1.081 

1.  079 

0.  875 

0.  873 

mA 

mA 
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For  the  input  high  state  current  measurement,  V = 5.  5V,  and  the  mea- 

cc 

sured  input  was  held  at  5.  5V  with  the  other  input  at  GND.  The  two  inputs 
were  reversed  and  the  measurement  repeated.  Some  devices  were  dam- 
aged because  proper  filtering  of  the  5,  5V  input  supply  was  not  used  and  the 
input  spiked  up  to  8V.  Results  are  presented  in  Table  41. 


TABLE  41.  INPUT  HIGH  STATE 
CURRENT  TEST  RESULTS 


Parameter 

-550C 

+125°C 

Units 

0.  17 

17.  58 

HA 

Average  value 

— 

0.24 

18.  67 

HA 

. 

0.  39 

39.  9 

ha 

Largest  value 

— 

0.  76 

41.7 

via 

. 

0.  02 

8.  13 

ha 

Smallest  value 

--- 

0.  04 

7.  92 

ma 

INPUT  THRESHOLD 

The  input  threshold  was  defined  as  the  voltage  on  the  input  that  caused  1 mA 
to  flow  in  the  output  with  V s 5.  5V.  The  input  not  being  measured  was 
held  at  2.  4V.  Because  the  data  were  taken  at  descrete  points  (0.  7V,  0.  8V, 
0.  9V)  on  the  input,  the  actual  voltage  at  threshold  for  -55°C  and  +125°C 
was  not  recorded.  However,  all  devices  had  a threshold  greater  than 
0.  9V  at  - 55°C  and  greater  than  0.  8V  at  +125°C.  The  values  listed  below 
are  for  +25°C. 

• Average  value,  VTH  = 1.  159V 

• Largest  value,  = 1,  180V 

• Smallest  value,  VTjj  = 1.  147V 
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OUTPUT  CURRENTS 


Figure  31  shows  the  results  of  the  data  taken  on  the  output  current  al  three 
temperatures  and  two  supply  values  for  three  eurrent  settings  (50  mA,  100 
mA,  150  mA).  The  ideal  current  is  indicated  for  each  of  the  three  curves, 
as  well  as  the  average  value  at  two  supply  voltages.  The  largest  and  smal- 
lest currents  are  also  shown.  Note  that  all  the  data  points  fall  within  ±5 
percent  of  the  ideal  current. 


SWITCHING  CHARACTERISTICS 

Measurements  were  taken  on  the  switching  characteristics  at  V = 5V  for 

cc 

three  temperatures  and  three  output  current  settings  (50  mA,  100  mA,  150 
mA).  Input,  1^  was  held  at  2.  4V  and  the  input  signal  applied  to  I The  in- 
put signal  had  a 4-ns  rise  and  fall  and  a 2.  4V  amplitude.  Table  42  gives 
data  for  four  typical  devices  at  three  temperatures  and  three  output  current 
settings.  Results  were  as  follows: 

• Slowest  rise  time  was  4.  6 ns  at  +125°C,  150  mA. 

• Fastest  rise  time  was  3.  1 ns  at  -55°C,  50  mA. 

• Slowest  fall  time  was  3.  2 ns  at  +125°C,  50  mA. 

• Fastest  fall  time  was  1.  9 ns  at  -55°C,  100  mA. 

• Longest  delay  time  was  8. 1 ns  at  +125°C,  150  mA. 

• Shortest  delay  time  was  4.  4 ns  at  -55°C,  50  mA. 

• Largest  distortion  was  1. 1 ns  at  25°C,  50  mA. 

Figures  32,  33,  and  34  are  oscilloscope  pictures  showing  actual  waveforms 
of  input  and  output  for  device  No.  10  at  three  temperatures  and  three  out- 
put current  settings.  The  output  waveform  is  the  voltage  waveform  of  the 
output  transistor  emitter. 
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Figure  31.  Deviation  From  Ideal  LED  Current 
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TABLE  42.  SWITCHING  TIMES 


Device  No.  8 

Parameter 

Name 

Symbol® 

•led  •*  -55,c 

•led***26*0 

'i.ED  “ +125>C 

Units 

50 

100 

150 

50 

100 

150 

50 

100 

150 

mA 

Rise  time 

0 

Xh 

3.  1 

3.2 

3.  5 

3.1 

3.  3 

m 

3.4 

4.2 

H 

Fall  time 

To 

2.4 

1.  9 

2.  0 

2.  7 

2.3 

3.2 

2.  (» 

1 . ■ 

°HI. 

* 

Delay  rise 

TD 

4.  5 

4 6 

5.  5 

5.0 

5.  9 

6.  8 

7.  1 

7.  5 

ns 

di,h 

Delay  fall 

td 

5.  3 

5.  3 

5.  4 

5.  4 

7 2 

7.  3 

ns 

UHL 

;VH 

Distortion 

,T2-Til 

0.  8 

m 

0.7 

0.  1 

0.2 

0.  1 

0.2 

ns 

Device  No.  9 

• 

Rise  time 

\h 

3.  1 

3.2 

3 2 

3.  6 

3 7 

3.4 

3 6 

4.  1 

ns 

Fall  time 

T°hl 

2.  5 

2.  0 

2.  8 

2 6 

2 3 

3.2 

2.  G 

1.7 

m 

Delay  rise 

td 

4.  4 

4.  6 

5.  1 

5.2 

5.  5 

7.4 

8.  1 

ULH 

Delay  fall 

td 

5.  1 

5.  1 

5.2 

5.  8 

5.  8 

5.  9 

7.2 

m 

ns 

diil 

m 

Distortion  , 

H 

to 

• 

JH 

0.  7 

0.  7 

0.  6 

0.  6 

0.4 

0.2 

ns 

1 

Device  No.  10 

Rise  time 

T°LH 

3.  1 

KH 

3.  2 

3.  7 

3.4 

3.7 

4.  3 

ns 

Fall  time 

T°hi, 

2.  3 

2.  6 

2.4 

3.2 

2.  6 

2.  7 

ns 

Delay  rise 

td 

4.  4 

■n 

1;--  on 

4.  8 

4.  9 

5.  2 

6.  9 

7.  1 

7.  6 

ns 

UI.H 

Delay  fall 

TD 

5.  3 

5.2 

5.  4 

5.  8 

5.  8 

5.  9 

7.  1 

7.2 

7 3 

ns 

dhl 

Distortion 

't2-t,I 

0.  9 

0.  8 

0.  8 

1.0 

0.  9 

0.7 

0.2 

0.  1 

0.  3 

ns 

Device  No.  11 

Rise  time 

T°i,h 

ID 

3.  4 

3.  7 

3.  1 

3.  3 

3.7 

IB 

3.  8 

4.  fi 

H 

Fall  time 

T°hi. 

3 0 

2.2 

2.  1 

2.  C 

2.  2 

2 2 

2.  9 

Delay  rise 

td 

4.  8 

4.  6 

KU 

4.  9 

5.  2 

ns 

dlh 

■ 

Delay  fall 

TD 

5.  8 

5.  3 

5.  8 

5.  9 

7 1 

ill 

ns 

dhl 

Distortion 

|Tj-T  I 

1.  0 

0.  8 

0.  7 

III 

0.  9 

HI 

m 

ns 

aRefer  to  Section  III,  Figure  3 for  definition  of  symbols 
Conditions: 

a)  VCC-S.5V 

b)  Ij  • 2.4V.  I,  = signal. 

c)  Input  signal  defined  by  Figure  3 had  4-ns  rise  and  fall. 

d)  Ij  |;d  values  are  ideal,  not  actual. 
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CONDITIONS:  = 5.5V  I,  = 2.4V,  l2  - SIGNAL 

TEMPERATURE  = +25°C 


Figure  32.  FOTIC  Input/ Output  Waveforms 


50  fflA 

3.4  ns 
3.2  its 
6.9  ns 
7.1  ns 
0.2  ns 

100  mA 

3.7  ns 
2J  ns 
7.1  its 
U ns 
0.1  ns 


150  mA 
*J  ns 

2 7 ns 
7J  ns 
U ns 
0J  ns 
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CONDITIONS:  Vcc  = 5.5V,  I,  - 2.4V,  l2  - SIGNAL 
TEMPERATURE  - -5S°C 


'led 

» 50  mA 

t»ih 

“ 3.1  ns 

V 

■ 2.3  ns 

t°ih 

■ 44  m 

V 

- 5.3  n* 

W 

* 0.9  ns 

'led 

■ 

100  mA 

t»ih 

m 

3.2  ns 

t®hi 

• 

1.9  ns 

t"ih 

m 

4.4  ns 

t"hi 

- 

5 2 ns 

/TrT,/ 

s 

0.9  ns 

'led 

■ 

150  mA 

t°lh 

■ 

3.5  ns 

t»hi 

■ 

2.1  ns 

t°ih 

■ 

4J  ns 

t®hi 

• 

54  ns 

Vi 

■ 

9J  ns 

i 
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Figure  34.  FOTIC  Input/ Output  Waveforms 


APPENDIX 

ADVANCED  BIPOLAR  PROCESS  DESCRIPTION 

The  Honeywell  Advanced  Bipolar  Process  I (ABP-I)  is  the  current  standard 
bipolar  process  used  for  all  internal  Honeywell  needs.  Devices  built  using 
this  process  are  used  in  Honeywell's  large  and  small  computers,  and  in 
various  commercial  and  industrial  sensor  and  control  electronics,  as  well 
as  classified  military  applications. 

A brief  description  of  the  processing  sequence  follows.  The  cross-sectional 
views  of  Figure  A-l  show  the  various  diffused  and  implanted  regions  and  the 
oxide  layers  used  to  control  the  etching  and  junction  formations.  The  top 
views  of  Figure  A-2  show  the  actual  masks  used  to  obtain  the  profiles  shown 
in  Figure  A-l.  Although  the  processing  steps  allow  for  other  components 
(resistors,  diodes,  etc.)  to  be  formed  at  the  same  time  in  the  surface  of  the 
same  wafer,  both  figures  show  only  a single  transistor  for  clarity. 

The  processing  begins  by  oxidizing  the  surface  of  a polished  P-type  wafer 
to  form  a masking  oxide  layer.  The  first  mask  (buried  layer.  Figure  A-2. 1) 
is  used  to  define  the  pattern  in  the  oxide  layer.  Then  the  N+  dopant  is  dif- 
fused into  the  wafer  to  form  the  buried  layer  (Figure  A-l.  1).  A lightly 
doped  N epitaxial  layer  (epi)  is  then  grown  and  a thin  layer  of  silicon  dioxide 
(SiOg)  grows  on  top  of  it  while  the  N+  Buried  Layer  diffuses  up  into  it 
(Figure  A-l.  2).  The  silicon  nitride  (SijN4>  is  then  grown  on  top  of  the 
SiOg,  and  the  second  mask  is  used  to  etch  the  patterns  that  will  become  the 
self-aligned  isolation,  sinker,  and  base  regions  (Figures  A-l.  3,  A-2. 2). 

In  older  processes,  these  three  regions  were  defined  with  separate  patterns. 
Since  all  three  regions  are  defined  by  the  same  pattern,  higher-performance 
(less  capacitance)  and  higher-density  transistors  result. 
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1.  BURIED  LAYER 


DOUBLE  BORON  IMPLANT 


(500  n/D) 


6.  ACTIVE  BASE  IMPLANT 


3.  SELF-ALIGNED  NITRIDE 
(ISOLATION,  SINKER,  BASE) 


4.  ISOLATION 


5 

V 

0 

=u 

a 

3 

L^lJ 

5.  SINKER 


BORON  IMPLANT 


7.  LOW  SHEET  RESISTANCE  BASE 


P+  P 


8.  NITRIDE  STRIP  AND 
REOXIDATION 


P+  AS  DOPED 


9.  EMITTER 


Figure  A-l.  Basic  ABP  I Processing  Sequence 
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4.  OVERSIZE  SINKER 
(MASK  4) 


ISOLATION 


2.  SELF-ALIGNED  NITRIDE 
(MASK  2) 


EXPOSED  AREA 
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5.  OVERSIZE  LOW-p  BASE 
(MASK  5) 


POLY 
(MASK  7) 


EMITTER 
(MASK  6) 
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3.  OVERSIZE  ISOLATION 
(MASK  3) 


r 1 !i r mr •! 'S 
5'!^l  lUJj:  d 


6,  EMITTER  OXIDE  CUT 
AND  POLY  ETCH 


Figure  A-2.  Basic  ABP  I Masking  Sequence 


A thick  SiOg  layer  is  then  grown  over  the  nitride  and  the  oversize  isolation 
pattern  (third  mask.  Figure  A-2.3)  is  etched  into  it.  This  oversize  mask 
technique  allows  very  loose  alignment  tolerances.  The  object  is  to  remove 
the  oxide  from  the  previously  etched  nitride  opening  for  the  isolation  region 
only.  The  only  constraint  on  the  oversize  mask  registration  is  that  it  does 
not  expose  the  base  or  sinker  nitride  cuts. 

The  heavily  doped  P+  isolation  region  is  then  diffused  into  the  epi  layer 
(Figure  A-l.  4).  A thin  oxide  layer  is  grown  over  the  wafer,  and,  using 
the  oversize  sinker  pattern  (fourth  mask.  Figure  A-2.4)  in  the  same  way 
the  isolation  pattern  was  used,  the  N+  sinker  is  diffused  into  the  epi  layer 
until  it  contacts  the  buried  layer.  During  this  diffusion  drive-in,  the  P+ 
isolation  diffuses  through  the  epi  and  contacts  the  substrate  (Figure  A-l.  5). 
For  the  base  implants,  all  the  oxide  is  etched  off,  exposing  isolation  and 
sinker,  as  well  as  the  base  nitride  cuts.  Ion  implanting  the  Phase  into  the 
P+  isolation  or  the  N+  sinker  does  not  change  their  profiles  because  the  P 
base  is  very  lightly  doped  relative  to  the  P+  and  N+  levels  (Figure  A-l.  6). 
No  mask  is  required  for  this  step. 

The  next  step  (low-pbase  region)  is  ion- implanted  using  the  photoresist 
pattern  (fifth  mask.  Figure  A-2.5)  rather  than  an  oxide  pattern.  Notice 
that  the  nitride  base  cut  defines  three  edges  of  the  low-  p base,  and  the 
photoresist  defines  the  fourth  edge  (Figure  A-1,  7).  The  nitride  and  oxide 
are  then  stripped  off  and  a clean  layer  of  oxide  is  grown  on  the  wafer. 

During  this  oxide  growth,  the  base  region  implants  are  partially  annealed 
and  the  base  profile  in  the  epi  layer  is  defined  (Figure  A-l.  8).  The  emitter 
mask  (Figure  A-2.  6)  Is  used  to  etch  the  emitter  pattern  into  this  oxide. 

The  emitter  diffusion  comes  from  the  doped  poly,  which  is  deposited  and 
then  etched  using  the  seventh  mask  (Figures  A-l.  9 and  A-2.  6).  The  re- 
maining steps  (contacts  and  metal)  are  not  shown  because  they  are  standard 
processing  steps  well  known  to  all  semiconductor  processing.  Either  single 
metal  or  double- metal  systems  are  available  to  be  used  to  interconnect  the 
various  components  diffused  into  the  epi. 
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Some  of  the  features  that  result  from  this  processing  sequence  are: 


• There  is  self- alignment  through  use  of  a silicon  nitride 
cut  that  defines  the  field  region.  This  feature  allows 

for  considerable  simplification  of  the  processing  sequence, 
ultimately  making  the  processing  largely  insensitive  to 
photomask  defects,  etching  errors,  oxidation  aberrations, 
etc.  One  further  advantage  of  this  technique  is  the  ability 
of  the  nitride  to  ensure  proper  shielding  of  the  field  regions 
from  the  base  implants. 

• The  base  region  is  composed  of  a three-part  boron 
implantation.  This  allows  for  the  possibility  of  pro- 
ducing two  independently  adjustable  base  resistors. 

The  key  feature  here  is  the  use  of  a double-boron  implant 
for  the  active  transistor  region  (a  deep  implant  for  active 
characteristics,  and  a shallow  one  for  sheet  resistance 
purposes),  and  a heavier  implant  for  a low- resistance 
inactive  base  (used  to  reduce  r^').  This  arrangement 
allows  the  inactive  base  sheet  resistance  to  be  varied  from 
35  to  130  (!/□,  and  the  active  base  resistance  to  be  varied 
from  350  to  1000  Q /□. 

• Photoresist  shielding  is  used  during  the  inactive  base 
implant  and  greatly  simplifies  the  processing  by  allowing 
for  the  use  of  only  one  implant  oxidation. 

• A polysilicon,  arsenic-doped  emitter  allows  for  the  elimina- 
tion of  the  aluminum  spiking  problem  inherent  in  shallow 
emitter  structures.  Also,  by  maintaining  the  emitter  con- 
centration  at  a high  level  (10  /cm  ),  advantage  is  taken  of 
the  concentration- enhanced  diffusivity  of  arsenic  to  produce 
a narrow  base  region  with  a steep  emitter-base  profile.  This 
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allows  for  better  emitter  efficiency,  while  maintaining 
the  base  push  effect  of  phosphorous. 

Figure  A-3  gives  the  emitter-base-collector  diffusion  profile  produced  by 
this  process.  Notice  the  steep  emitter  doping  gradient  (for  efficient  injec- 
tion), the  relatively  narrow  base  (for  high-frequency  response),  and  the 


Figure  A-3.  The  Emitter-Base  Buried-Layer  Doping  Profile 
as  Found  From  Spreading  Resistance  Measure- 
ments 
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proximity  of  the  buried  layer  (for  low  saturation  resistance).  The  intrinsic 
transit  time  of  the  base  region  is  about  300  ps,  as  shown  by  the  plot  of 
l/tp,  versus  l/fT  (Figure  A-4). 


Figure  A-4.  1 / f T versus  1/IE 


The  basic  transistor  produced  by  this  process  is  approximately  60  percent 
smaller  than  the  older  non-self-aligned  processes,  while  the  devices  are 
intrinsically  faster.  Typical  device  parameters  are  listed  in  Table  A-l. 
One  of  the  most  striking  features  of  this  process  Is  the  production  of  a 
flat  0 versus  IE  curve  over  several  decades  (Figure  A-5).  This  feature  is 
due  to  a general  predominance  of  the  diffusion  current  over  the  recombina- 
tion current  at  all  current  levels  greater  than  10"  A. 
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TABLE  A-l.  TYPICAL  DEVICE  PARAMETERS 


• typical  DEVIC 
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fT 

2. 1 
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10 

Cl 

H 
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Cl 
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25 
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‘cbo  at  3 V 

<io-10 

A 

reverse  bias 

BV. 

beo 

5.6 

V 

BV 

11 

V 

ceo 

Cbe  at  0 V 

0.45 

pF 

Cbcat0V 

0.  55 

pF 

re 

5 

n 

Emitter-base 

60 

mV /decade 

I- V slope 

80 


40  J 
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Figure  A-»5.  versus  Ij 
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